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ABSTRACT 
This thesis investigated the response of Pedunculate oak to the plant-parasitic nematode 
Pratylenchus penetrans, using RNA-sequencing, stable isotope labelling and fatty acid 
analyses. Insight into rhizosphere interactions was gained by employing beneficial biotic 
partners (ectomycorrhizal fungi, rhizosphere helper bacteria), fungal grazers (Collembola) 
and multitrophic environments. Microbial biomass and community structure as well as oak 
fitness were assessed. 
The effects of root-feeding nematodes on oak were largely governed by the endogenous 
rhythmic growth of the tree. The nematodes triggered a stronger response during shoot flush, 
e.g. activation of multi-layered defence mechanisms and repression of photosynthesis, as
compared to root flush where pathogen-related signalling was repressed. With the presence of
the mycorrhizal symbiont plant defence was attenuated and stress tolerance enhanced,
indirectly promoting the growth of rhizosphere microorganisms. The helper bacteria fostered
the ectomycorrhizal fungus, which in turn stimulated plant growth, counteracting the negative
effects of nematodes. Plant-parasitic nematodes and Collembola grazers had independent
roles in plant carbon allocation patterns, with nematodes hampering whilst Collembola
enhancing the flux of recent photoassimilates to Gram-positive bacteria. Lastly, increasing
trophic diversity of the soil fauna in the rhizosphere of oaks was crucial for the maintenances
of a microbial community equilibrium that promotes plant growth.
In sum, this study highlights the importance of endogenous resource allocation pattern of
plants in determining the outcome of belowground biotic interactions. Therefore such plant
traits should be considered as important drivers for rhizosphere processes in future studies.
Moreover, taking into account the rhizosphere main players in studies on parasitic nematode-
plant interactions will result in a more realistic picture and thus more effective nematode
management.
Keywords 
Plant-parasitic nematodes, oak, rhizosphere, trophic, interaction 
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ZUSAMMENFASSUNG 
 
Diese Arbeit untersucht die Reaktion der Stieleiche auf den pflanzenparasitären Nematoden 
Pratylenchus penetrans mittels RNA-Sequenzierung und Analyse von stabilen Isotopen und 
Fettsäuren. Einblicke in Rhizosphäreninteraktionen wurden über mutualistische Partner 
(Ektomykorrhizapilze, Rhizosphärenhelferbakterien), fungivore Collembolen und 
multitrophische Gemeinschaften gewonnen. Die Struktur und Biomasse der 
Mikroorganismen sowie die Fitness der Eichen wurden erfasst. 
Die Effekte wurzelfressender Nematoden auf die Eiche wurden durch das endogene 
rhythmische Wachstum des Baumes reguliert. Die Nematoden lösten eine stärkere Reaktion 
während des Sprosswachstumsschubs aus, u.a. Aktivierung von Abwehrmechanismen und 
Hemmung der Photosynthese, wohingegen beim Wurzelwachstumsschub pathogen bezogene 
Signale unterdrückt waren. Die Anwesenheit des Pilzsymbionten schwächte die 
Pflanzenabwehr und verbesserte die Stresstoleranz, was indirekt das Wachstum der 
Mikroorganismen förderte. Die Helferbakterien begünstigten den Mykorrhizapilz, was 
wiederum das Pflanzenwachstum stimulierte und dem negativen Effekt der Nematoden 
entgegenwirkte. Parasitäre Nematoden und fungivore Collembolen beeinflussten die 
Verteilung des pflanzlichen Kohlenstoffes unabhängig voneinander; Nematoden verringerten 
und Collembolen verbesserten die Allokation von Photoassimilaten in Gram-postiven 
Bakterien. Zudem war steigende trophische Diversität der Bodenfauna in der Rhizosphäre 
entscheidend für die Balance innerhalb der mikrobiellen Gemeinschaft, welche das 
Pflanzenwachstum fördert. 
Diese Arbeit stellt die Bedeutung der endogenen Ressourcenzuteilung von Pflanzen für 
unterirdische biotische Wechselbeziehungen heraus. Diese Pflanzenstrategie als bedeutender 
Faktor für Rhizosphärenprozesse sollte in zukünftige Studien Berücksichtigung finden. Die 
Einbeziehung der Hauptakteure in der Rhizosphäre ermöglicht zudem ein realistischeres Bild 
von Nematoden-Pflanzen Interaktionen und damit ein effektiveres Management. 
 
Stichworte 
Pflanzenparasitäre Nematoden, Stieleiche, Rhizosphäre, trophische Interaktionen 
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CHAPTER ONE: INTRODUCTION 
1.1 Nematodes 
Nematodes are roundworms ranging between 40μm - 9m in length (Maggenti and Allan, 
1959) with a relatively simple body plan. This simplicity in morphology has led in the 
establishment of Caenorhabditis elegans as a general model for metazoa (Blaxter, 1998). 
Despite this little morphological variation, nematodes show a vast taxonomic diversity 
(Blumenthal and Davis, 2004; De Ley, 2006). They form one of the largest Phylum in the 
animal kingdom with more than 25 000 species described to date (Abad and Williamson, 
2010) and are estimated to comprise ≈10 million species (Blaxter, 2011). Nematodes are 
ubiquitous exploiting almost every possible ecological niche worldwide, ranging from depths 
of the ocean to mountain peaks, polar to tropics regions, wetlands to deserts, marine and 
freshwater as well as parasites of plants, insects and vertebrates (Andrássy and Zombori, 
1976; Bongers and Ferris, 1999). Moreover, they are considered the most abundant 
metazoans (Cobb, 1915; Bernard, 1992), e.g. in soils 3.5 - 5 million individuals per square 
meter are common (Yeates, 2003). 
In soil ecosystems, nematode life strategies and food resources are important factors 
contributing to niche specialization (Perry and Moens, 2011). Nematodes can be either free-
living or parasites of plants and animals (Yeates et al., 1993; Bongers and Bongers, 1998). 
Free-living nematodes display a high trophic diversity and consume bacteria, fungi, protozoa, 
algae, small rotifers, enchytraeids, as well as other nematodes. They can be found at all 
trophic levels in the soil micro-food web, i.e. primary, secondary and tertiary consumers, 
thereby occupying key positions in bottom-up and top-down controlled webs (Ferris, 2010; 
Yeates, 2010). 
Nematodes are involved in many soil processes such as organic matter decomposition 
(Bardgett and Cook, 1998; Hunt et al., 2001) and nutrient cycling (de Ruiter et al., 1993; 
Ferris et al., 1997), dispersal of microorganisms (Knox et al., 2003; Gibbs et al., 2005) and 
diseases suppression by feeding on bacterial and fungal pathogens (Yeates and Wardle, 
1996). Most importantly, moderate grazing by bacterial and fungal feeders alters microbial 
community composition, stimulates microbial growth and maintains the populations in a 
youthful state, thereby accelerating decomposition rate (Bardgett and Cook, 1998; Savin et 
al., 2001; Djigal et al., 2004). Moreover, microbial feeding nematodes contribute 
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significantly towards plant production as they excrete nutrients in excess of their metabolic 
needs in forms that can be readily taken up by plants such as NH4
+ and PO4
- (Irshad et al., 
2011; Gebremikael et al., 2016). 
Besides these beneficial taxa, plant-parasitic nematodes, a group contributing ≈ 20% of the 
described nematode species (Helder et al., 2015), present a serious problem to primary 
production, predominantly in annual crop plants (Table 1). Estimated financial losses are 
between $ 80 - 118 billion annually, on a global scale (Chitwood, 2003; Nicol et al., 2011). 
Consequently, due to their economic importance as agricultural pests they have generated a 
lot of interest among researchers (Neher, 2010). 
 
Table 1 Estimated crop yield and financial losses caused by plant-parasitic nematodes on a 
global scale 
 
Crop FAO production 
estimates (1000 
metric tons) 
Estimated yield 
losses due to 
nematodes (%) 
Estimated monetary loss 
due to nematodes - 2008 
(x1000 U.S.$) 
Banana 81,263 19.7 14,855,056 
Barley 136,209 6.3 2,044,978 
Cassava 228,138 8.4 3,353,629 
Citrus 105,000 14.2 10,601,170 
Cocoa 4,012 10.5 1,134,626 
Coffee 7,742 15 2,223,425 
Corn 637,444 10.2 11,895,929 
Cotton (lint only) 112 10.7 12,463 
Field bean 6,371 10.9 833,327 
Oat 25,991 4.2 127,327 
Peanut 30,670 12 5,410,188 
Potato 321,736 12.2 10,362,473 
Rice 432 10 26,957 
Sorghum 64,589 6.9 262,942 
Soybean 56,389 10.6 2,024,967 
Sugar beet 247,878 10.9 1,258,234 
Sugar cane 1,557,664 15.3 8,462,835 
Sweet potato 126,299 10.2 5,242,210 
Tea 3,871 8.2 89,637 
Tobacco 6,326 14.7 6,137,485 
Wheat 676,300 7 11,237,807 
 
Source: http://plpnemweb.ucdavis.edu/nemaplex/Plntpara/damage.htm 
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1.2 Plant-parasitic nematodes 
Often referred to as “the hidden enemy”, plant-parasitic nematodes are one of the most 
widespread herbivores, posing a great threat in agricultural and arboriculture ecosystems, 
pastures and forests throughout the world (Ruehle, 1973; Chitwood, 2003; Nicol et al., 2011). 
Additionally, they are a cause of concern to recreational businesses such as golf courses, turfs 
and ornamental crops (Rahman-Khan et al., 2005, Crow and Luc, 2014;). Depending on life 
strategy, plant-parasitic nematodes attack different parts of the plant including stems, leaves, 
flowers and seeds, though the majority are root pathogens, where they produce extensive 
damage such as galling and necrosis (Shurtleff and Averre, 2000). 
These nematodes are well equipped for parasitism, possessing a sharp protractible, hollow 
stylet used to: (i) pierce the plant cell wall, (ii) dispense a cocktail of pathogenicity related 
secretions called effectors, and (iii) take up nutrients from cell contents (Bird et al., 2015; 
Helder et al., 2015). Some of these effector proteins are cell wall-degrading enzymes such as 
cellulase, endoglucanases pectate lyase, used to facilitate feeding and migration within the 
plant tissues (Davis et al., 2011; Haegeman et al., 2012; Rybarczyk-Mydlowska et al., 2012). 
Additionally, some effectors manipulate plant development and induce physiological and 
morphological changes resulting in nutrient-rich nursing cells for the nematode (Gheysen and 
Mitchum, 2011; Jones et al., 2013). The modified host plant cells induce metabolic sinks in 
the roots, altering the general translocation patterns of photoassimilates (Hofmann et al., 
2007; Kaplan et al., 2011). 
Plant-parasitic nematodes display high variations in the modes of parasitism as shown in 
Figure 1 (Baldwin et al., 2004; Perry and Moens, 2006), with the following functional 
groups: (1) ectoparasites with a short stylet to feed on root epidermal cells and hairs or with a 
long stylet to feed on root parenchyma, predominantly at root tip; (2) migratory 
endoparasites, which periodically feed as they migrate, causing extensive destruction of root 
tissue alongside, and (3) sedentary endoparasites forming very intimate and long-term 
feeding relationships at specialized feeding sites, while the nematode becomes immobile in a 
root-knot or gall (Figure 1; Tytgat et al., 2000). 
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Figure 1 Feeding sites of selected plant-parasitic nematodes with economic importance. Image 
courtesy: NemaPix 
Damage by plant-parasitic nematodes is insidious and often yield loss is underestimated due 
to unspecific plant symptoms that are less obvious compared to damage caused by plant 
pathogens and resemble abiotic stresses hence the name “hidden enemy” (Zunke et al., 1997; 
Escobar et al., 2015). The direct damage to root tissues can range from necrosis to cell death 
and in severe cases may cause root pruning (Umesh et al., 1988; Zunke, 1990) weakening 
plant anchorage and resulting in toppling (Gowen et al., 2005). Consequently, this 
disturbance to the root system reduces the plant’s efficiency in uptake of nutrients and water 
and decreases the rates of evapotranspiration (Ruehle, 1967). The cumulative effects of plant-
parasitic nematodes activity results in loss of plant vigour, shoot growth suppression and leaf 
chlorosis, premature wilting and other symptoms characteristic of nutrient efficiency; 
eventually leading to overall yield decline of plants over time, seedling mortality and death 
(Fraedrich and Cram, 2002; Duncan, 2005). 
Plant-parasitic nematodes also affect plants indirectly; some studies have reported stimulation 
of root growth at low-levels of herbivory (Bardgett et al., 1999a; De Deyn et al., 2004). 
Moreover, enhanced leakage of labile plant metabolites from damaged roots stimulates 
growth of soil microorganisms; which promotes microbial activity and mineralization of 
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nutrients (Haase et al., 2007; Poll et al., 2007). Additionally, plant-parasitic nematodes alter 
the quality of root exudates (Van der Putten, 2003; Hofmann et al., 2010; Kaplan et al., 
2011), which in turn regulates the microbial community structure through changes in 
resource availability. Further, nematode-induced damage of the roots reduces 
ectomycorrhizal colonization (Francl, 1993) and lessens the positive effects of mycorrhizal 
fungi, hampering plant growth (Rabatin and Stinner, 1988; Villenave and Duponnois, 2002). 
Furthermore, the damaged roots serve as entry sites for other pathogens such as bacteria and 
fungi (Back et al., 2002; Bjösell et al., 2017). Overall, these direct and indirect effects of 
plant-parasitic nematode make infected plants more susceptible to other unfavourable 
environmental conditions such as drought injury, winter injury or excessive moisture (Perry 
and Moens, 2006). Figure 2 summarises the major effects on host plants. 
Figure 2 Direct and indirect effects of plant-parasitic nematodes on host plants 
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1.3 Multitrophic interactions in the rhizosphere of forest trees  
 
Recent years have seen great strides in application of next-generation sequencing, 
bioinformatics and functional genomic analyses to unravel the interactions between plants 
and plant-parasitic nematodes (Mitchum et al., 2013; Quentin et al., 2013). Despite these 
advancements, huge gaps in knowledge on the relationships of forest trees and plant-parasitic 
nematodes still exist. To date, most knowledge is derived from studies involving agriculture 
crops, horticultural trees and pasture grasses, deemed as more valuable, overshadowing 
research on interactions between forest trees and plant-parasitic nematodes (Ruehle, 1973; 
Sohlenius, 1980; Neher, 2010). Further, studies have often been conducted in over simplified 
artificial set-ups using one host plant and nematode species (Anwar and Van Gundy, 1989; 
Poll et al., 2007) and do not encompass the complexity of interactions in natural ecosystems 
such as forests. Yet present in the rhizosphere of forest trees are a multitude of 
microorganisms such as bacteria and ectomycorrhizal fungi, microfauna such as nematodes 
and mesofauna such as Collembola, which interact directly or indirectly with the tree as well 
as with each other, forming complex interrelationships involving competition, facilitation, 
antibiosis as well as predation (Wardle, 2006). 
Most temperate forest trees form obligatory symbiotic relationships with ectomycorrhizal 
fungi forming (Smith and Read, 2008). Plant-parasitic nematodes, such as migratory 
endoparasitic Pratylenchus sp., hamper these symbiotic interactions by reducing supply of 
carbon to the fungi and by limiting habitable sites for fungal colonization due to necrotic 
damage of roots (Wallace, 1987; Umesh et al., 1988). Grazing by fungal-feeding nematodes 
and Collembola additionally reduces growth of the fungal symbiont, disrupting its nutrient 
acquisition and in turn retards plant growth (Ruess et al., 2000; Partsch et al., 2006). 
Meanwhile, established mycorrhiza can protect roots against nematodes (Schouteden et al., 
2015), as does the opportunistic feeding on nematodes by Collembolans (Lee and Widden, 
1996; Kaneda and Kaneko, 2008). Consequently, plant-parasitic nematodes influence and are 
influenced by soil microorganisms and other fauna inhabiting the rhizosphere, and 
collectively they affect the fitness of the host tree. 
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1.4 Carbon dynamics in forest trees and their rhizosphere 
 
Forests play a very important role in the global carbon cycle; they act as sinks storing 
approximately one third of recent anthropogenic emissions of carbon dioxide to the 
atmosphere (von Lützow et al., 2006; Mackey, 2014). Global elevations in the concentrations 
of atmospheric carbon could change tree communities, affect carbon sequestration and 
transfer belowground, with distinct consequences on the functioning of forests in carbon 
cycling (Percy et al., 2002; Lindroth, 2010). Moreover, global change could alter plant-
pathogen interactions in a manner that can profoundly re-shape plant communities (Mitchell 
and Power, 2006). This global change would undoubtedly have significant ecological as well 
as economic consequences and calls for improved long-term management of forests. 
Trees provide rhizosphere microorganisms and fauna with carbon resources in the form of 
exudates (Prescott and Grayston, 2013), with as much as 33 - 50% of the photoassimilated 
carbon allocated to soil via roots (Högberg et al., 2001). Thereby, features such as the 
endogenous rhythmic growth pattern displayed by most temperate tree species such as oak 
(Willaume and Pages, 2006, 2011; Herrmann et al., 2015), directly or indirectly regulate 
biotic interactions in the rhizosphere. Soil fauna including plant-parasitic nematodes can alter 
these carbon allocation patterns (Kaplan et al., 2011). All these intertwined processes make 
unravelling of interactions between forest trees and plant-parasitic nematodes as well as other 
soil inhabitants a challenge. Therefore a thorough understanding of the relationships between 
trees and rhizosphere biota is essential for improving long-term management of forest trees 
(Gilbert 2002; Wisz et al., 2013). 
This thesis work was performed within the research project “TrophinOak” funded by the 
German Science Foundation, which investigates the impact of multitrophic interactions on 
the pedunculate oak (Quercus robur L.) (www.trophinoak.de) (Figure 3). This tree is 
amongst the most economically important temperate forest tree species in Europe, providing 
high quality and durable timber used for furniture and in construction (Praciak et al., 2013) 
and is a habitat to a very diverse species-rich assemblage of below- and aboveground 
organisms (Brandle and Brandl, 2001). It is a long-lived hardwood tree species widely 
distributed across European temperate forests (Ducousso and Bordacs, 2003). It acts as a 
pioneer tree, can replace other species and has a high tolerance to drought (Müller, 2000; 
Savill, 2013) therefore it would be a good candidate to diversify forest ecosystems. 
Pedunculate oak has co-evolved with most of its interacting species (Plomion and Fievet, 
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2013) and displays endogenous rhythmic growth (Lavarenne, 1966), enabling investigations 
of the impact of carbon allocation to above- and belowground compartments of the tree on 
biotic interactions. This makes it a good platform to investigate multitrophic interactions 
(Figure 3). 
 
 
 
Figure 3 Schematic illustration of the TrophinOak project concept. The trees are considered as a 
double C and N pump fluctuating during the phases of the endogenous rhythmic growth. In addition 
above- and belowground biotic interactors demand and influence the resource shifts (Herrmann et al., 
2015) 
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1.5 Objectives of the study 
 
This thesis work tries to disentangle the underlying mechanisms in the interaction of 
pedunculate oak (Quercus robur L.) with the migratory endoparasitic nematode Pratylenchus 
penetrans Cobb. It investigates the molecular and physiological responses of oaks to 
nematode infection and how the tree, in turn, influences belowground processes by exerting 
its endogenous control of nutrient allocation. This work attempts to address the complexity of 
rhizosphere interactions by incorporating soil organisms at different trophic levels, and to 
determine how they affect each other as well as tree’s fitness. The main goals were to assess: 
(1) genetic, nutrient allocation and growth responses of oak to plant-parasitic nematodes; (2) 
effects of plant-beneficial organisms such as ectomycorrhizal fungi and mycorrhiza helper 
bacteria on the oak-nematode interactions; (3) changes in the allocation and flux of plant 
carbon induced by soil animals, and (4) effects of increasing trophic diversity (root, bacterial 
and fungal feeding nematodes) on rhizosphere microbial communities and plant performance. 
These goals were achieved by conducting laboratory and greenhouse experiments using Q. 
robur microcuttings and seedlings. 
 
The major hypotheses were: 
1. The plant-parasitic nematode induces genes associated with plant defence. These 
responses are modulated by the ectomycorrhizal fungus, which primes the tree against 
pathogen infection as well as oak´s growth stage, with a stronger impact when shoots are 
the main C-sink. 
2. The protecting strength of rhizosphere helper bacteria is weakened by root infection by 
plant-parasitic nematodes; the reciprocal effects in the rhizosphere create dynamic 
feedbacks that are not simply additive but antagonistic. 
3. The interaction between the two functional groups, root-feeding nematodes and fungal 
grazing Collembola, increases plant carbon allocation to roots and soil microorganisms, 
favouring bacteria in particular opportunistic species exploiting rhizodeposits. 
4. Increasing trophic diversity in the soil micro-food web counteracts negative effects of 
plant-parasitic nematodes on plant growth due to fostering of the soil microbial 
communities that participate in nutrient mineralization. 
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CHAPTER TWO: MATERIALS AND METHODS 
 
2. Microcutting investigations 
 
An experimental culture system was established using microcuttings of pedunculate oak 
Quercus robur L. propagated and rooted from a long-term established clone DF159 
(Herrmann et al., 2004; Herrmann and Buscot, 2008) to ensure genetic homogeneity and 
synchronized growth of the plants. The oak microcuttings display an endogenous rhythmic 
growth pattern (Figure 4) characterized by alternating root and shoot flushes under controlled 
climatic conditions allowing investigations on the impact of the endogenous growth on biotic 
interactions. In addition, root morphogenesis of the microcuttings is similar to that of 
miniaturized adult trees; therefore this warrants a comparable carbohydrate allocation in the 
model system (Harmer, 1990; Alaoui-Sossé et al., 1994). 
 
 
 
Figure 4 Developmental stages of an apical bud during an endogenous rhythmic growth cycle in 
microcuttings of Quercus robur DF159. Bud rest - stage A, Bud swelling - stage B, shoot elongation - 
stage C, leaf expansion - stage D. (Herrmann et al., 2015) 
 
Herrmann et al., (1998) defined the endogenous rhythmic growth of the oak microcuttings as 
four distinct phases: 1) bud rest (stage A), 2) bud swelling (stage B), 3) shoot elongation 
(stage C), and 4) leaf expansion (stage D) shown above (Figure 4). Stage B correlates to 
maximal root elongation representing the root flush (RF), while stage D corresponds with 
maximal leaf expansion represented the shoot flush (SF) (Herrmann et al., 1998). 
Tarkka et al. (2013) generated a reference library OakContigDF159.1, made up of more than 
60,000 contigs differentially expressed in microcuttings of the oak clone DF159 during series 
of beneficial and detrimental below- and aboveground biotic interactions, including plant-
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parasitic nematodes during all four oak bud developmental stages (www.trophinoak.de). This 
library provides support for the genetic studies on the localized and systemic responses of 
oaks to different biotic interactors. 
 
2.1 The genetic, nutrient allocation and growth responses of 
oaks to plant-parasitic nematodes 
 
This study investigated the interaction between oak and a migratory endoparasitic nematode, 
and how this plant-nematode interaction is altered by oak’s endogenous rhythmic growth in 
the presence or absence of a mycorrhizal partner. Assessment of the systemic transcriptomic 
responses, nutrient allocation and growth responses of oak microcuttings were performed at 
root and shoot flush growth stages of the plant (stage B and stage D, respectively (Figure 4)). 
In addition, the study investigated the impact of the biotic interactions at the two different 
plant growth stages on the rhizosphere microbial communities. 
 
2.1.1 Materials 
 
2.1.1.1 Oak microcutting culture system 
The soil medium used in the oak microcuttings microcosms was collected from an oak forest 
stand in Dölauer Heide (51.51016 °N, 11.91291°E) near Halle/Saale, Germany. The soil was 
taken separately from two layers of the upper soil horizons i.e. A0 (humus layer, 0 - 10 cm 
depth) and A1 + A2 (mineral soil layer, 10 - 30 cm depth). Subsamples of these two soils 
were then immediately frozen at -20 °C and later used to prepare a bacterial filtrate inoculum. 
The bulk of soil was air dried at room temperature and then sieved through 5 mm mesh to 
remove debris. Equal volumes of the soil taken from the two soil horizons were thoroughly 
mixed and 500 ml aliquots of the homogenized soil were gamma (γ) sterilized at 50 kGy by 
BSG Beta-Gamma-Service (Wiehe, Germany), and subsequently store at 8°C. Prior to use, 
the soil was subjected to sterility tests performed by plating soil aliquots on Lysogeny broth 
agar (LB). 
Axillary and apical nodes of the oak clone DF159 were rooted according to Herrmann et al. 
(2004) and Herrmann and Buscot (2008). Shortly before the development of a new leaf flush, 
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microcuttings displaying successful rooting were transplanted into 12 × 12 cm petri dishes 
filled with gamma-sterilized soil substrate (one plant per microcosm) (Figure 5). 
 
 
  
Figure 5 Oak clone DF159 microcuttings production. (Images A and B – courtesy of S. Herrmann). 
Microcuttings were then grown in a climate controlled growth chamber with the following 
conditions: mean day/night temperature of 23°C, 16 h photoperiod with photosynthetic 
photon flux density of 180 μmolm-2s-1 at the leaf level, 400 ppm CO2 and 80% relative 
humidity for the duration of the experiment and bud development was characterized bi-
weekly. Five weeks after transplant, each oak microcosm irrespective of treatment received 5 
ml of a diluted (1/1000) fresh bacterial filtrate, evenly pipetted in the soil, to restore the 
native bacterial community in the γ-sterilized soil. The bacterial filtrate was prepared 
following a protocol described by Rosenberg et al. (2009) to eliminate fungi and protozoa. 
2.1.1.2 Plant-parasitic nematode
Pratylenchus penetrans Cobb referred to as the lesion nematode was chosen as a model for 
soil plant-parasitic nematodes (Figure 6). It is an economically important nematode with 
global distribution, polyphagous > 400 plant host species including Q. robur and with 
destructive parasitic habits (Castillo and Volvas, 2007). P. penetrans migrates intracellularly 
  A B C D 
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within the plant root tissues causing extensive physical damage to roots, predominantly 
necrotic lesions (Zunke, 1990; Perry and Moens, 2006). This nematode remains vermiform 
throughout its life cycle; it feeds and reproduces within the plant with all stages of the 
nematode present in roots, i.e. eggs, juveniles and adults. 
 
 
Figure 6 An image of Pratylenchus penetrans anterior region penetrating a plant root cell (Photo 
courtesy of Ulrich Zunke) 
 
Axenic cultures of P. penetrans were established on carrot discs following a protocol 
described by O’Bannon and Taylor (1968). The nematode cultures were incubated in the dark 
at room temperature. Prior to use in experiments, nematodes were extracted from the carrot 
discs using wet funnel method (Baermann, 1917). Afterwards individuals were surface-
sterilized by soaking in 0.01% Mercury chloride solution for 10 min and then rinsed in 
autoclaved Volvic water, with the washing step repeated three times. Using a light 
microscope, the number of individual nematodes in a known volume of water was 
determined. The desired nematode inoculum density per ml was achieved by adjusting the 
volume of water in the nematode suspension. 
 
2.1.1.3 Ectomycorrhizal fungus 
The basidiomycetes, Piloderma croceum J. Erikss. & Hjorts, belonging to the family of the 
Atheliaceae, was used as a model for the ectomycorrhizal fungus symbiotic interaction. P. 
croceum is a symbiotic partner of hardwood and conifer tree species and a frequent symbiont 
of oak root systems in temperate forests. Moreover, its interaction with Q. robur has been 
intensively investigated (Krüger et al., 2004; Herrmann and Buscot, 2007; Tarkka et al., 
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2013). It is a late-stage fungus (Dighton and Mason, 1985) with medium distance exploration 
type (Rúa et al., 2016). This ectomycorrhizal fungus has a high demand for carbohydrates 
(Gibson and Deacon, 1990) and is a strong sink for assimilates (Herrmann et al., 1998). 
The ectomycorrhizal fungus strain F1598 was cultured on modified Melin-Norkrans medium 
(Marx, 1969) and was incubated at 20°C in the dark as detailed in Herrmann et al. (1998). A 
solid fungal inoculum substrate, to facilitate even distribution of inoculum, was produced 
following a protocol described in Tarkka et al. (2013). In summary, the fungal liquid 
inoculum was added to a substrate mixture of vermiculite and sphagnum peat to produce a 
solid inoculum (Figure 7) and incubated at 20°C for four weeks in the dark. 
 
 
 
Figure 7 Image shows: A – Ectomycorrhizal fungus Piloderma croceum inoculum production and B - 
pedunculate oak (Quercus robur) microcutting in petri-dish culture system displaying root 
colonization by the ectomycorrhizal fungus P. croceum (Photos courtesy of S. Herrmann) 
 
2.1.2 Experimental design 
 
At transplant of the microcuttings to the soil-based microcosms, 120 oak microcuttings were 
randomly assigned to four treatments in a full factorial design: Control – no plant-parasitic 
nematode or ectomycorrhizal fungus, inoculated with either P. penetrans or P. croceum and 
inoculated with both P. penetrans and P. croceum each with 40 replicates (Figure 8). The 
microcuttings assigned to the ectomycorrhizal fungus and nematode × ectomycorrhizal 
fungus treatments were transplanted into microcosms filled with a homogenous substrate 
containing mixing equal volumes 1:1 (v/v) of the γ-sterilized soil and P. croceum inoculum 
substrate. In contrast, microcuttings assigned to the Control or P. penetrans treatments were 
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transplanted into microcosms filled with only γ-sterilized soil. Eight weeks after transplant, 
half of the plants inoculated with and without the ectomycorrhiza fungus, were then 
inoculated with 2 300 ± 20 individuals of P. penetrans nematodes per plant, done by inserting 
a 1ml pipette tip adjacent to microcuttings root system and releasing the nematode suspension 
aliquots. 
 
 
 
 
Figure 8 Experimental design layout used to investigate the effects of the plant-parasitic nematode 
Pratylenchus penetrans and ectomycorrhizal fungus Piloderma croceum on oak microcuttings 
2.1.3 Stable isotope labelling  
Stable isotopes of nitrogen (15N) and carbon (13C) were used to investigate the allocation 
patterns of nutrients in the oak microcuttings. Seven days post nematode inoculation, 5 ml 
aliquot of 0.02 L-1 15NH4
15NO3 (98 atm % 
15N, Sigma, Germany) was applied to each 
microcutting root compartment under sterile conditions. Two days after application of the 15N 
label, at the start of the 8 h night period, the microcuttings were transferred into a labelling 
chamber (Figure 9) with similar conditions to the climate chamber and allowed to 
acclimatize. The air of the labelling chamber was circulated through a soda lime scrubber to 
remove the CO2. During the following 16 h photoperiod, 
13CO2 enriched gas containing 
13C 
atm % of 8.4 ± 0.04 (mean ± SD) (Eurisotop, Saabrücken, Germany) was introduced into the 
labelling chamber and the CO2 concentration adjusted to 400 ± 2 μl L
-1 (mean ± SD). To 
ensure that the atmosphere within the labelling chamber contained enriched 13CO2 within 
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acceptable concentration at all times, quality control checks were performed every 4 hours 
using an isotope ratio mass spectrometer (Isoprime; Elementar, Hanau, Germany). The 13CO2 
pulse labelling was followed by another 8 h night period before harvesting of plants. 
 
 
 
Figure 9 Oak microcuttings inside the 13CO2 /
12CO2 mobile labelling chamber 
2.1.4 Sampling 
 
Ten days after nematode inoculation, microcuttings were sorted according to growth stages 
and plants displaying bud development in B and D stages were harvested. This corresponds 
to three days after 15N and one day after 13C labelling of oaks. Destructive sampling was 
performed, swiftly the plant was gently removed from the soil, divided into five fractions; 
principal roots (PR), lateral roots (LR), stem, the terminal developed leaves i.e. source (SFt-1 
and SFt-2) and sink leaves (SFt) for plants at stage B and D, respectively (Figure 10). For 
each plant, the leaves and roots were spread out on a white background with a scale and 
photographed for further analyses. 
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Figure 10 Image shows the different plant organs of oak microcuttings used for the analyses 
belonging to a plant sampled during the shoot flush stage 
 
The plant fractions were individually weighed; the leaf and root tissues were divided into two 
portions for transcriptomic and resources allocation patterns analyses. Approximately two 
thirds of the total fresh weights of terminal leaves and lateral roots for each plant was 
allocated for transcriptomic analyses, these were immediately individually wrapped in 
aluminium foil, submerged in liquid nitrogen and subsequently stored at -80 °C. The 
remaining plant material from each fraction was oven dried at 60 °C for 48 h. From each 
microcosm, the total soil was weighed and subsampled for phospholipid fatty acid analyses 
(8 g) and to determine the wet weight: dry weight ratio of the soil (20 g). Soil samples 
collected for PLFAs analyses were stored at -20 °C, while the samples for the wet weight: dry 
weight ratio was oven dried at 60 °C for 48 h. 
 
 
2.2 Interrelationships between plant-parasitic nematodes and 
beneficial rhizosphere microorganisms  
 
This study investigated the interrelationships between plant-parasitic nematodes and 
mycorrhizal helper bacteria in the rhizosphere of oak microcuttings and the effect of their 
interactions on oak microcuttings as well as how these interactions shape the rhizosphere 
microbial communities structure. 
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2.2.1. Materials 
Q. robur microcuttings and P. penetrans were cultured and prepared as described in Chapter 
2.1.1.1 and 2.1.1.2. In this study all the oak microcuttings were inoculated with the 
ectomycorrhizal fungus P. croceum during establishment of the microcosms (see 2.1.1.3). 
 
2.2.1.1 Mycorrhizal helper bacteria 
The mycorrhiza helper bacterium Streptomyces sp. AcH 505 (Figure 11), a gram-positive 
filamentous Actinobacteria, was used as a beneficial organism to trees. Pure cultures of 
Streptomyces sp. AcH 50 isolated from the soil around Norway spruce mycorrhizas in 
Haigerloch, Germany (Maier et al., 2004), were grown on ISP2 agar medium (Shirling and 
Gottlieb, 1966). Prior to use the Streptomyces AcH 505 culture was centrifuged to pellet the 
cells and then re-suspended in distilled water to a concentration of 108 colony forming units 
(CFU) ml-1. 
 
 
 
Figure 11 Streptomyces sp. AcH 505 on soil particles in the microcosm (Kurth et al. 2013) 
2.2.2 Experimental design 
Ninety-six microcuttings were randomly assigned to four treatments each with 24 replicates, 
in a full factorial design: Control – no application of biotic interactors, inoculated with 
either P. penetrans or  Streptomyces sp. AcH 505 or both (Figure 12). Twenty-four days 
post establishment of the microcuttings in the microcosms, plants assigned to the mycorrhizal 
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helper bacteria and nematode × mycorrhizal  helper bacteria  treatments were inoculated 
with 2.5 × 107 CFU of the Streptomyces sp. AcH 505 bacterial suspension, evenly pipetted 
into the soil of each plant. Ten days later (five weeks after establishment of microcuttings) 4 
200 ± 50 individuals of P. penetrans were evenly pipetted into the soil of each plant assigned 
to the nematode and nematode × mycorrhizal  helper  bacteria  treatments. 
 
 
Figure 12 Experimental design layout used to investigate the effects of the interrelationships between 
the plant-parasitic nematode Pratylenchus penetrans and mycorrhizal helper bacteria Streptomyces sp. 
AcH 505 in the rhizosphere on oak microcuttings 
2.2.3 Sampling 
Since both the nematode and helper bacteria are root-associated organisms for this study we 
compared stage A (bud rest), which is correlated with little to no root growth activity, with 
the active root proliferation stage B (RF). Sampling was performed twice, at seven (first) 
and nine (second) weeks after the establishment of oak microcosms. This was at 25 and 39 
days post inoculation with Streptomyces sp. AcH 505 and 14 and 28 days post inoculation 
with P. penetrans. At each sampling, from each treatment six microcuttings in bud rest (stage 
A) and root flush (stage B) developmental stages were randomly selected and harvested. Soil 
in each microcosm was weighed and subsamples were collected from each microcosm for 
quantification of Streptomyces sp. AcH 505 (8 g), nematodes (50 g) and phospholipid fatty 
acid (PLFAs; 8 g). Samples for Streptomyces AcH 505 DNA quantification were 
immediately submerged in liquid nitrogen and stored at -80 °C until analysis. Soil samples 
22 
 
for PLFA analysis were frozen at -20 °C, and stored until analysis. An additional 20 g of the 
soil was collected to determine the wet weight: dry weight ratio of the soil. The fresh weights 
of the microcuttings were recorded after which the plant material and soil samples for the wet 
weight: dry weight ratios of the soil were oven dried at 60 oC for 48 h and then re-weighed.  
 
 
2.3 Rhizopshere carbon dynamics modulated by plant-parasitic 
nematodes and fungivorous Collembola 
 
This study investigated the interrelationships between soil animals belonging to two different 
functional groups i.e. plant-parasitic nematodes and fungal grazing Collembola and their 
effect on the growth of oak microcuttings and the carbon allocation patterns in belowground 
microorganisms. 
 
2.3.1 Materials 
 
Q. robur and P. penetrans were cultured and prepared as described in Chapter 2.1.1.1 and 
2.1.1.2. In this study all oak microcuttings were inoculated with the ectomycorrhizal fungus 
P. croceum (see 2.1.1.3). 
 
2.3.1.1 Collembola 
Collembola of the species Protaphorura armata Tullberg 1869 was used as soil fungivorous 
animal model. Laboratory cultures were established using specimens collected from field 
populations close to Darmstadt (Germany). The Collembola were reared for several 
generations in a glass crib on a mixture of sterilized potting soil and clay pellets (3:1) on a 
diet of baker´s yeast at room temperature in the dark. 
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Figure 13 Images of Collembola Protaphorura armata (Photos courtesy of Katja Costabel) 
2.3.2 Experimental design and labelling 
In a complete randomized factorial design, 96 oak microcuttings inoculated with an 
ectomycorrhizal fungus were assigned to four treatments each with 24 replicates i.e. Control - 
no application of biotic interactors, inoculated either with P. penetrans or P. armata or both 
(Figure 14). Six weeks after establishment of oak microcuttings, depending on the assigned 
treatment plants were inoculated with 10 000 ± 50 individuals of P. penetrans, 90 ± 5 
individuals of P. armata (equates average density for temperate forest soils) or both. The 
experiment was carried out in a climate chamber under the same controlled conditions 
described above (see 2.1.1.1). 
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Figure 14 Experimental design layout used to investigate the effects of interrelationships between the 
plant-parasitic nematode Pratylenchus penetrans and Collembola Protaphorura armata in the 
rhizosphere on oak microcuttings 
2.3.3 Pulse labelling of oaks  
Ten days post animal inoculation; 13C isotopic labelling was applied to half the plants from 
each treatment using the 13CO2 pulse labelling procedure described in 2.1.3. Replaced CO2 in 
the labelling chamber contained 8.3 ± 0.2 atm % 13CO2 and the microcuttings were exposed 
to the 13CO2-enriched atmosphere for a complete 16 h photoperiod, with the CO2 
concentration adjusted to 400 ± 2 μl L-1 (mean ± SD). The 13C labelled microcuttings were 
then transferred to a separate controlled climate growth room with identical conditions as that 
of the climate chamber with the non-labelled microcuttings described in Chapter 2.1.1.1 for 
the remaining duration of the experiment to prevent gaseous exchange between labelled and 
non-labelled plants. 
 
2.3.4 Sampling 
Destructive sampling of the oak microcuttings was performed at 2, 5 and 20 days post 13CO2 
labelling. Four replicates of non-labelled and labelled plants (mixed growth stages) from each 
treatment were randomly selected at each sampling time, weighed and separated into shoot 
and root tissues. The roots were then divided into two portions used for the 13C bulk analyses 
and to quantify nematode infection of roots. The shoots and root portion for 13C bulk analyses 
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were oven dried 60°C for 48 h. Collembola were retrieved from the soil by hand sorting using 
a brush. The specimens were stored in HPLC grade methanol at -20°C until lipid analysis. 
The soil from each microcosm was weighed and subsamples were collected for PLFA 
analyses (8 g) soil wet weight/dry weight ratio determination (20 g) and nematode 
quantification (50 g). Soil samples for PLFAs extraction were frozen immediately at -20°C 
until analysis. 
 
 
2.4 Impact of multitrophic interactions on oak growth and 
rhizosphere microbial community 
 
This study was conducted to investigate interrelationships between soil nematodes belonging 
to two trophic levels of the soil micro-food web with different functions i.e. plant-parasitic 
nematodes (primary consumers) and bacterial and fungal feeding nematodes (secondary 
decomposers) and how they in turn influence the overall fitness of the oaks. This experiment 
was performed using of oak seedlings grown under semi-natural conditions in a greenhouse. 
 
2.4.1 Materials  
 
2.4.1.1 Soil 
Soil [composite sandy soil: sand 94%; silt 5%; clay 2%; pH 5.75] was collected from a 
biodiversity experimental site in Kreinitz (51°23’10” N, 13°15’43” E), Germany. The soil 
was air dried at room temperature and then gently sieved through a 1 mm mesh to remove 
debris and macrofauna, which was followed by defaunation of the soil. A modified freeze-
thaw method (Poll et al., 2007) was used to defaunate the soil, here the soil was frozen at -20 
°C for 48 h, allowed to thaw and stand at room temperature for 7 days, before repeating the 
process. 
 
2.4.1.2 Production of oak seedlings 
Q. robur acorns collected from the previous fall season purchased from Staatsklenge Nagold 
(Baden-Würtemberg, Germany) were used. Acorns were surface sterilized in a 1% aqueous 
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solution of sodium hypochlorite and germinated in trays filled with rinsed autoclaved sand in 
a climate chamber at 23°C, 65-70 % humidity, 16/8 h light/dark regime, 180µmol m-2s-1light 
intensity and 400 ppm CO2. Ten-week-old oak seedlings were individually transplanted into 
1 L pots filled with 1 kg of non-sterile defaunated soil inoculated with the ectomycorrhiza 
fungus P. croceum. Transplanted oak seedlings were transferred and kept in a greenhouse 
with 16/8 h light/dark regime and ambient temperature and CO2 conditions for the duration of 
the experiment (Figure15). The oaks seedlings were watered regularly and fertilized once a 
week with NPK-fertilizer (Nitrogen: Phosphate: Potassium as 8:8:6) diluted to 150mg L-1. 
 
 
 
Figure 15 Quercus robur seedlings four weeks after transplanting into pots 
 
2.4.1.3 Bacterial feeding nematode 
Acrobeloides buetschlii De Man 1884 was used as a model for bacteria grazers in the soil. 
Stock cultures established from specimens isolated from a Sitka spruce (Picea sitchensis 
(Bongard; Carrière)) stand in northwest England. In the laboratory, cultures of A. buetschlii 
were maintained on PDA (potato dextrose agar, Carl Roth GmbH, Germany) plates with the 
decomposer fungus Chaetomium globosum (Kunze 1817) incubated at 15°C in the dark. 
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2.4.1.4 Fungal feeding nematode 
The nematode Aphelenchoides saprophilus Franklin 1957, which feeds on fungi, was used as 
a model for fungal grazers in the soil. Monoxenic cultures established from specimens 
originally isolated from an organic layer (Ol + f/Oh) of a Picea abies (Linné 1753) stand in 
east Belgium in the Haute Ardenne region were grown in the laboratory. Monoxenic cultures 
of the fungal-feeding nematode were reared on fungal mat of the basidiomycetes Laccaria 
laccata (Scopoli 1772; Cooke 1884) cultured on Pachlewska agar plates (Pachlewska 1968) 
and incubated at 15°C in the dark. 
 
2.4.1.5 Plant-parasitic nematode 
Similar to the above studies P. penetrans was used as the model for plant-parasitic nematodes 
infecting forest trees (see 2.2.1.2). 
 
2.4.2 Experimental design  
 
Four weeks after establishing the oak seedlings in pots, 96 plants were randomly assigned to 
eight treatments each with 12 replicates in a full factorial design: Control – no nematode 
inoculated, inoculated with A. buetschlii (BF), A. saprophilus (FF), P. penetrans (PF) and 
their co-inoculations, i.e. (BF + FF), (BF + PF), (FF + PF) and (BF + FF + PF) (Figure 16). 
Depending on the treatment assigned, a suspension containing either 600 ± 30 individuals of 
A. buetschlii or 1500 ± 70 individuals of A. saprophilus or 1000 ± 50 individuals of P. 
penetrans, or both or all was evenly pipetted into the soil. 
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Figure 16 Experimental design layout used to investigate the effects of multitrophic interactions in 
the soil of oak seedlings. BF – inoculated with Acrobeloides buetschlii, FF – inoculated with 
Aphelenchoides saprophilus, PPN – inoculated with Pratylenchus penetrans 
2.4.3 Sampling 
Six replicates from each treatment were destructively sampled at four and eight weeks after 
nematode application to assess plant biomass, root length, nematode abundance and 
identification and phospholipid fatty acid analysis. Each seedling was divided into shoot and 
roots fractions, the roots were then spread out on a white background with a scale and 
photographed for root length analysis. A subsample of roots (0.5 g) was then collected from 
each replicate and frozen at -20°C and later checked for successful infection by P. penetrans. 
The remaining plant tissues were oven dried at 60°C for 48 h and the dry weights recorded. 
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The soil from each pot was weighed and subsamples were then collected for nematode 
quantification (50 g), soil wet weight/dry weight ratio determination (20 g) and phospholipid 
fatty acid (PLFA) quantification (8 g). The soil for the PLFA quantification samples was 
collected close to the root system and immediately stored at -20°C until analysis. 
 
 
2.5 Analyses 
 
2.5.1 Transcriptomic analyses 
2.5.1.1 RNA Assay 
Leaf tissue samples derived from 3-4 microcuttings at the same developmental stage per 
treatment were pooled to provide sufficient material for RNA resulting in 20-pooled RNA 
samples (RF - 4 treatments x 3 replicates) and (SF - 4 treatments x 2 replicates). RNA was 
extracted from the leaf tissues (50 mg) using the MasterPure Plant RNA Purification Kit 
(Epicentre, Hessisch Oldendorf, Germany). Gel ectrophoresis, Nanodrop1000 
spectrophotometer (Thermo Scientific, Waltham, MA, USA) and Bioanalyzer 2100 (Agilent) 
were used to check the quality and quantity of the RNA. RNA sequencing was performed at 
the Beijing Genomics Institute (Hong Kong, China). 100 bp paired-end Illumina Truseq 
version 2 libraries were constructed and sequenced using the Illumina HiSeq2000 sequencing 
platform. The sequence data from this study was deposited into the NCBI Short Read 
Archive database as fastq files linked to a report specific BioProject termed PRJNA330761. 
2.5.1.2 Read processing and analysis of differential expression 
The Illumina sequenced data sets were pre-processed according to Tarkka et al. (2013). The 
processed Illumina reads were aligned against the reference transcriptome 
OakContigDF159.1 (Tarkka et al., 2013) using BOWTIE an alignment program (Langmead 
et al., 2009) and quantification of transcript abundances was performed using RSEM (Li and 
Dewey, 2011). Differences in contig expression during pairwise comparative transcriptomic 
profiling of leaf tissues of oak microcuttings inoculated with P. penetrans, P. croceum and 
co-inoculated with both (P. penetrans × P. croceum) versus the non-inoculated leaf tissues 
was determined using the edgeR function (Robinson et al., 2010) implemented in the 
Bioconductor package (Gentleman et al., 2004) in R (R core group, http://www.r-
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project.org/). The fold change (FC) was calculated as the ratio of the average number of reads 
+ 1 (to avoid 0 values) in the different biotic interactions at RF and SF growth stages. Log2-
transformed values of FC were used and Benjamini and Hochberg false discovery rate (FDR) 
correction was performed to adjust the P-value. Statistical significance for differential 
expression of contigs during pairwise comparison was set at an FDR cut-off of 0.01. 
Statistical significance for GO terms and Pfams enrichment analyses was set at P-values of < 
0.05. 
The description of individual contigs was made using Blast2GO based on up to 20 hits 
against the NCBI NR - database (E-value 1e-5). Homologues for oak contigs were 
determined by performing a BLASTX search against Arabidopsis thaliana L. TAIR online 
database (http://arabidopsis.org) and hits with an E-value of at least 1e-5 alone were 
considered for the assignment. 
Transcriptome annotation to provide information related to the function and biological 
process of the differentially regulated transcripts and proteins they encode using the Gene 
Ontology (GO) (Harris et al., 2004), Protein families (Pfam) (Punta et al., 2012) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway (Kanehisa et al., 2014) enrichment 
analyses were performed with the Bioconductor package GOseq (Young et al., 2010). GOseq 
performs a statistical test based on a hypergeometric distribution to determine if in a given 
list of DE tags (e.g. genes or contigs) tags assigned to a certain category (e.g. GO terms) are 
significantly enriched, i.e. if they occur more frequently than expected by chance. GO is a 
hierarchically organized collection of functional gene sets based on a controlled vocabulary 
that classifies gene products at protein domains by biological process, molecular function and 
cellular component (Harris et al., 2004). Enriched GO terms were condensed and visualized 
using REVIGO (Supek et al., 2011). 
2.5.2 Carbon and Nitrogen allocation patterns  
 
Oven dried material from each plant fraction of the microcuttings as well as Collembola and 
soil belonging to the different treatments were weighed to obtain the total dry weight for the 
respective samples. The plant material was then ground to a powder using a ball mill (Mixer 
Mill MM 200, Retsch GmbH, Haan, Germany). Subsamples from each plant fraction (2 mg), 
Collembola (50 - 400 µg), and soil (33 - 35 mg) was weighed into tin capsules (HE 
24005300, HEKAtech GmbH, Wegberg, Germany) and stored in a desiccator until analyses. 
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Plant tissues were analysed for 15N and 13C abundance while Collembola and bulk soil were 
analysed for 13C. 
The excess levels of 15N and 13C i.e. the difference between measured and natural ratios of 
13C/12C and 15N/14N in the samples was analysed using combined system GVI-Isoprime 
isotope ratio mass spectrometer (Elementar, Hanau, Germany) coupled to an EA3000 
element analyser (Euro Vector, Milan, Italy) was used to analyse the plant material. Vienna 
Pee Dee Belemnite was used as the standard for 13C (R = 0.0112) and repeated measurements 
of a laboratory working standard gave a precision of δ13C < 0.1 ‰ (SD, n = 10). For 15N, 
atmospheric nitrogen served as the primary standard (R = 0.0037). Stable isotope abundance 
is expressed using the δ-notation calculated according to Peterson and Fry (1987): 
δX [‰] = (Rsample - Rstandard)/ Rstandard × 1000     (1) 
where X represents the heavier isotope (13C or 15N) and R the ratio between the heavy and 
light isotopes. 
Excess 13C and 15N amount in the plant fractions was calculated as follows: 
 excess  yXx = ((atom % s – atom % c)/ 100 ) × DW × (C%/100)  (2) 
where “excess yXx” represents the total amount of 
13C or
15N incorporated by the labelling to 
the dry weight of measured sample; atom % s is the 
13C atom percent of the sample; atom % c 
is the 13C atom percent of the unlabelled control; DW is the dry weight of the biomass for the 
measured sample and C% is the percentage of C in the sample.  
 
2.5.3 Fatty acids analysis 
2.5.3.1 Extraction 
PLFAs were extracted from the soil following the protocol described by Frostegård et al. 
(1993). Concisely, using the Bligh and Dyer solvent (chloroform: methanol: citrate buffer 
ratio of 1:2:0.8, pH 4) lipid material was extracted from 2 g of soil (wet weight) from each 
replicate.  The obtained lipids were then fractionated into neutral lipids, glycolipids and 
PLFAs on a silica column by elution with chloroform, acetone and methanol, respectively. 
The PLFAs were subjected to mild alkaline methanolysis and the fatty acid methyl esters 
(FAMEs) were extracted with hexane-chloroform. The PLFA samples were dissolved in 
isooctane and stored at -20ºC until analysis. 
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Total lipid fatty acids (TLFAs) from Collembola were saponified and methylated following 
the Sherlock Microbial Identification System protocol (MIDI Inc., Newark, Delaware). 
Lipids were saponified in a solution of sodium hydroxide-methanol at 100°C for 30 min, 
followed by acid methanolysis in HCl-methanol at 80°C for 10 min. FAMEs were extracted 
with hexane/methyl tertiary butyl ether and washed with aqueous sodium hydroxide. The 
lipid containing phase was transferred to sample vials and stored at -20°C until analysis. 
 
2.5.3.2 Identification and quantification 
Fatty acids methyl esters (FAMEs) analyses were performed using an Agilent 7890 gas 
chromatograph (GC) coupled to a flame ionization detector (FID) equipped with an HP Ultra 
2 capillary column (25 m x 0.2 mm i.d., film thickness 0.33 mm) and a computer associated 
software (Sherlock Pattern Recognition Software, MIDI®). The GC was operated in split 
mode (1:100) with hydrogen as carrier gas. The oven temperature program started with 
170°C, then increased by 5 °C min-1 to 260 °C, followed by 40 °C min-1 to 310 °C (hold time 
1.5 min). FAMEs were identified on the basis of their retention times in comparison to a 
standard mixture; Methylnondecanoate (19:0) was used as internal standard for 
quantification. 
FAMEs identity (chain length and saturation) verification was performed using gas 
chromatograph coupled to a mass spectrometry (GC-MS), this enables identification of 
chromatograph retention peaks, coelution and separation of targets from matrix (Rosenfeld, 
2002). Representative samples were analysed by the Agilent Series 7890A GC system and a 
Mass Selective Detector (Agilent 7000 Triplequadrupole) equipped with HP5MS capillary 
column (30 m x 0.25 mm i.d., film thickness 0.25 mm), operated in splitless mode with 
helium as carrier gas. Oven temperature program started with 40 °C and then increased by 46 
°C min-1 to 200 °C, followed by 5 °C min-1 to 238 °C and 120 °C min-1 to 295 °C and 2 °C 
min-1 to 300 °C, held for 2 min. The transfer line temperature was 280 °C and mass range of 
40-400 m/z (mass-to-charge ratio) was monitored twice a second in scan mode. 
 
2.5.3.3 Biomarkers 
Microbial communities were assigned using FA biomarkers for major groups. PLFAs i14:0, 
i15:0, a15:0, i16:0 G, i16:0, 16:1ω5, 16:1ω7, 16:0 10-meth, i17:0, a17:0, cy17:0, 17:0 10-
meth, 18:1ω9t, 18:0 10-meth and cy19:0 represent bacteria according to Frostegård et al. 
(1993) and Zelles (1999). Further, the iso/anteiso methyl-branched fatty acids are considered 
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as markers for Gram-positive and cyclic forms for gram-negative bacteria, whilst 10-methyl-
substituted fatty acids are characteristic for actinobacteria (Frostegård and Bååth, 1996; 
Stromberger et al., 2012; Bird et al., 2011). PLFAs 18:1ω9 and 18:2ω6,9 generally represent 
fungi according by Frostegård and Bååth (1996). In support, an analysis of the PLFA pattern 
of the ectomycorrhizal fungus P. croceum from axenic cultures was performed and revealed 
that 18:1ω9 was the most dominant fatty acid (43% of total PLFAs), followed by 18:2ω6,9 
(17% of total PLFAs). The PLFA 20:4ω6c is indicative for animal biomass, i.e. nematodes 
and Collembola. The response of microorganisms to carbon fluxes was assessed by the 
fungal/bacterial ratio calculated by dividing the amount of fungal origin PLFAs (sum of 
PLFAs 18:2 ω6,9 and 18:1ω9) by the estimated sum of all bacterial specific PLFAs. 
 
2.5.3.4 Compound-specific carbon isotopic ratios 
Gas-chromatography-combustion-isotope-ratio-monitoring-mass spectrometer system (GC-
C-IRM-MS) was used to determine the isotopic (13C/12C) composition of individual fatty 
acids. The system consisted of a gas chromatograph (6890 Series, Agilent Technology, 
Minnesota, USA) coupled via a Conflow II interface (ThermoFinnigan, Bremen, Germany) 
to a MAT 252 mass spectrometer (ThermoFinnigan, Bremen, Germany). A polar capillary 
column (VF-23ms: 30 m, 0.25 mm i.d., film thickness: 0.25 µm) was used for the separation 
of FAMEs. A volume of 2 µl was injected in splitless mode and helium was used as carrier 
gas. The temperature program was set as follows: 60 °C, 2 min isotherm, 6 °C min-1 to 140 
°C; 2 °C min-1 to 150 °C, 1 °C min-1 to 160 °C, 4 °C min-1 to 180 °C, 10 °C min-1 to 230 °C 
and held for 5 min. For the identification of FAs a fatty acid methyl standard (Suppelco 37 
Component FAME Mix, Lot 47885-U) was employed. The carbon isotope composition is 
reported in δ-notation (‰) relative to Vienna Pee Dee Belemnite standard (V-PDB) 
according to: 
δ13C [‰] = ((13C/12C) sample / (
13C/12C) standard -1) × 1000. 
The measured isotope ratios of FAMEs were corrected for the carbon isotope ratio of the 
methyl moiety using the formula of Abraham et al. (1998): 
δ13CFA= [(nFA +1) × δ
 13CFAME – δ
13CMeOH] / nFA 
where δ13CFA is the δ
13C of fatty acid, nFA is the number of carbon atoms of the fatty acid, δ
 
13CFAME is the δ
 13C of the fatty acid methyl ester in the sample, and δ
13CMeOH is the δ
13C of the 
methanol used for methylation (-38.13 ‰). 
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The 13C incorporation into fatty acids of soil microorganisms and Collembola was assigned 
as 13C atom percent in fatty acids in the pulse labelled samples in excess to those in the non-
labelled samples as follows: 
13C-FA = [(atom 13C %) FA labelled – (atom 13C %) FA unlabelled] × FA 
where 13C FA is the amount of 13C incorporated into individual FAs (µmol 13C g-1 soil or 
animal dry weight) and the (atom 13C %) FA labelled and (atom 
13C %) FA unlabelled the atom 
13C 
% of individual FAs in labelled and unlabelled samples, respectively. The relative abundance 
of 13C in individual FAs (13C-FA individual) was calculated as: 
13C% = 13C-FA individual / ∑ 13C-FA individual × 100 
 
2.5.4 Root and Shoot length analyses 
 
Images of the plant organs taken at harvest (2.1.1 and 2.1.4) were analysed using WinFolia 
and WinRhizo Pro software (Regent Instrument Inc., Canada) to determine the leaf area and 
root length of the oak microcuttings, respectively. 
 
2.5.5 Nematode quantification  
 
Nematodes were extracted from soil using a modified Baermann method described by Ruess 
(1995). Extraction started at room temperature (18°C) for 24 h and temperature was gradually 
increased hourly by 5°C starting with 20°C to 45°C. Nematodes were preserved in 4% 
formaldehyde and total numbers of nematodes from all treatments replicates were counted 
under a light microscope (Carl Zeiss Axiolab) using 50x magnification.  Nematodes were 
identified to genus level according to Bongers (1988) and assigned to their respective trophic 
groups according to the feeding habits and life history characteristics (Yeates et al. 1993). 
To quantify the number of plant-parasitic nematodes in roots of the oak microcuttings, roots 
were stained with acid fuchsin. For this, the roots were boiled for 3 min in 0.8 % acetic acid 
and 0.013 % acid fuchsin, washed with running tap water and then destained in acid glycerol 
according to Byrd et al., (1983). Quantification was done using a stereomicroscope at 50x 
magnification. 
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2.5.6 Quantification of Streptomyces sp. AcH 505 
 
The amount of Streptomyces sp. AcH 505 was estimated from soil samples by 
quantitative real-time PCR (Smith and Osborn, 2009) according to Kurth et al. (2013) with 
primers targeting the intergenic region between the gyrA and gyrB genes of the AcH 505 
genome. Briefly, total DNA was extracted from soil samples and DNA quantity and 
quality were estimated using a spectrophotometer and agarose gel electrophoresis. Real-
time PCR was performed and template abundances were determined based on the Ct 
values. 
 
2.6 Statistical analysis 
 
Data were analysed using the STATISTICA package 9.0 for Windows (StatSoft, Hamburg). 
Prior to any analyses, the fitting of the data to a normal distribution for all assessed 
parameters was tested with the Shapiro-Wilks test (significance level at P < 0.05) and 
homogeneity of variance was tested using the Levene’s test (significance level at P < 0.05). 
For the first experiment (Chapter 2.1) the effects of biotic interactors i.e. P. penetrans (n = 2) 
and P. croceum (n = 2) and the plant’s endogenous rhythmic growth pattern (n = 2) on the 
oak microcuttings growth parameters, carbon and nitrogen allocation patterns and the 
rhizosphere microbial biomass were tested using three-way analysis of variance (ANOVA). 
Post hoc mean separation was performed by the Tukey’s HSD test (significance level at P 
< 0.05). Multivariate analysis of variance (MANOVA) on the effects of P. penetrans (n = 2) 
and P. croceum (n = 2) on the dominant fatty acid concentrations was performed to determine 
shifts in the microbial community pattern. Discriminant function analysis (DFA) was 
performed with the PLFAs (n = 15), as response variables and the biotic treatments as groups 
(n = 4) during both RF and SF growth stages. The canonical scores of the first and second 
discriminant functions were correlated with the PLFAs and the Pearson coefficients are 
provided. 
For the second experiment (Chapter 2.2) the effects of the interrelationship between P. 
penetrans (n = 2), the beneficial mycorrhizal helper bacteria Streptomyces AcH 505 (n = 
2) and the growth stage of oaks (n = 2) were tested by a three-way ANOVA and post hoc 
mean separation was performed by the Tukey’s HSD test, calculated at P < 0.05. Data 
were LN-transformed to achieve a normally distributed set prior to any statistical 
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analyses. Parameters tested were oak growth, density of nematodes, amount of helper 
bacteria and the abundance of soil PLFAs. Shifts in the microbial community pattern were 
determined using MANOVA with P. penetrans (n = 2), Streptomyces sp. AcH 505 (n = 2) 
and plant growth stage as categorical predictors while the concentrations of the dominant 
fatty acid were the respondent variables (n = 16). Post hoc mean separation was performed 
by the Duncan’s test (significance level at P < 0.05). 
For the third experiment (Chapter 2.3) the effects of soil fauna i.e. P. penetrans (n = 2) and P. 
armata (n = 2) and the sampling data (n = 3) on the plant biomass parameters, PLFA 
concentrations and 13C fatty acid enrichment in soil PLFAs and Collembola TLFAs were 
analysed by three factorial ANOVA, while two-factor ANOVA was used to assess the effects 
of P. penetrans and P. armata on the PLFA concentrations of the biomarker PLFAs at 
individual sampling times. Post hoc mean separation was performed using Tukey’s HSD test 
at significance level P < 0.05. Data for the 13C enrichment of lipids were arcsine square root 
transformed to improve normality. MANOVA on the effects of P. penetrans (n = 2), P. 
armata (n = 2) and sampling time (n = 3) on the dominant soil PLFAs was performed to 
determine shifts in the microbial community pattern. DFA was performed with the biotic 
interaction treatments as groups (n = 4) and the soil PLFAs (n = 13) as variables for 
discrimination. The canonical scores of the first and second discriminant functions were 
correlated with the soil PLFAs and the Pearson coefficients are provided. 
For the fourth experiment (Chapter 2.4) data were initially Log transformed to obtain normal 
distribution and then subjected to ANOVA with the nematode trophic group treatments (n = 
8) as the independent variables. Post hoc mean separation was performed using Tukey’s HSD 
test at P < 0.05 and a Dunnett’s test with significance level at P < 0.05 was performed to 
check for successful manipulation of nematode community structure. Multivariate fitting was 
performed by MANOVA with nematode trophic treatments as the categorical predictor (n = 
8) and the dominant soil PLFAs as response variables (n = 18). DFA was carried out with the 
nematode trophic group treatments as groups (n = 8) and individual PLFAs (n =1 8) as the 
dependent variables in the model. The canonical scores of the first and second roots were 
correlated with the PLFAs and the Pearson correlation coefficients are presented. 
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CHAPTER THREE: RESULTS 
 
 
 
3.1 Genetic, nutrient allocation and growth responses of oaks to 
plant-parasitic nematodes 
 
 
 
 
 
 
Image showing Quercus robur microcosm and extracted plant RNA bands on electrophoresis gel   
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3.1.1 Comparative gene expression profiling 
 
An assessment of the number and the expression pattern, i.e. up- or downregulation of 
differentially expressed contigs (DECs), was performed to assign the systemic transcriptomic 
responses in leaf tissues of oak microcuttings to the plant-parasitic nematode P. penetrans, 
the ectomycorrhizal fungus P. croceum or both versus non-inoculated plants. The different 
biotic interactions provoked distinctive responses (Table 2), which were additionally 
modified by the oak growth stages root flush (hereinafter RF) and shoot flush (hereinafter 
SF). 
 
Table 2 Overview of numbers of differentially expressed contigs (DECs), up- and downregulated, in 
oak microcutting leaf tissues at different plant growth stages following pairwise comparisons of plants 
inoculated with Pratylenchus penetrans, Piloderma croceum and co-inoculation Pratylenchus 
penetrans and Piloderma croceum. Data presented are for root flush and shoot flush developmental 
stages of oaks. Significance of differential expression was determined using a threshold of Benjamini-
Hochberg adjusted P < 0.01 as cut off (modified from Maboreke et al., 2016) 
 
Growth 
Stage Treatment 
Number 
of 
biological 
replicates 
Total 
DECs 
DECs 
upregulated 
DECs 
downregulated 
Root flush 
 P. penetrans 3 91 46 45 
 
P. croceum 3 118 63 55 
 
P. penetrans × P. croceum 3 543 371 172 
Shoot flush 
     
 
P. penetrans 2 895 289 606 
 
P. croceum 2 47 23 24 
 
P. penetrans × P. croceum 2 83 27 56 
     
 
P. penetrans provoked a stronger systemic transcriptomic response in the plants as shown by 
a 16-fold increase in the number of DECs during SF compared to RF (Table 2). In contrast, 
the pattern of the oak responses to interaction with both P. penetrans and P. croceum was 
inverted; there was a 10-fold increase in the number of DECs during RF compared to SF 
(Figure 17). However, compared to the other biotic treatments the growth stage of the plants 
had a milder effect on the systemic response of oak microcuttings to P. croceum, indicated by 
just a single-fold increase in DECs during growth stage RF compared to SF (Table 2). 
Moreover, regulation of the DECs showed that during interaction with P. penetrans 68% of 
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the DECs were downregulated during SF, in comparison to 49% during RF, while in 
response to co-inoculation of P. penetrans and P. croceum twice as many of the total DECs 
(68%) were upregulated during RF compared to 32% during SF (Table 2). Irrespective of the 
plants growth stage, the transcriptomic response of oak to the different biotic interactions in 
comparison to the control was dissimilar as indicated by the apparent low overlap in co-
expressed genes (Figure 17). 
 
 
Figure 17 Venn diagrams illustrating numbers of differentially expressed contigs (DECs: Benjamini-
Hochberg adjusted P < 0.01). The comparisons depicted are DECs on plants inoculated with 
Pratylenchus penetrans, Piloderma croceum, and co-inoculation of Pratylenchus penetrans and 
Piloderma croceum during root flush and shoot flush stages of oaks. The overlapping values 
correspond to the number of common DECs in comparisons (modified from Maboreke et al., 2016) 
 
For each biotic interaction, the significantly enriched GO terms were summarized and 
presented as Figures 18, 19 and 20 and the top ten most significantly enriched protein 
families are presented in Tables 3, 4 and 5. A complimentary list of KEGG pathways 
enriched in up- and downregulated contigs is provided in the Appendix in table A1. The list 
of the contigs associated with the enriched GO terms following inoculation with P. penetrans 
and co-inoculation with P. penetrans and P. croceum is available at (https://static-
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content.springer.com/esm/art%3A10.1186%2Fs12864-016-2992 
8/MediaObjects/12864_2016_2992_MOESM2_ESM.xlsx), while the list of contigs 
associated with the enriched GO terms following inoculation with P. croceum solely is 
provided in the Appendix in table A2. A supplementary table indicating the total number of 
differentially expressed contigs enriching the GO categories is provided in the Appendix in 
Table A3. 
 
3.1.1.1 Systemic transcriptome changes in response to Pratylenchus penetrans 
During RF, GO terms lipid metabolism and phospholipase C activity (Figure 18a) and 
corresponding KEGG pathways for arachidonic acid, linoleic acid and alpha-linolenic acid 
metabolism (Table A1) were enriched in upregulated contigs denoting an increase in 
production of signalling molecules. The production of ROS was enhanced, indicated by 
enrichment of GO terms such as hydroquinone oxygen oxidoreductase, lactoglutathione lyase 
activity, mitochondrial respiratory chain and superoxide metabolism (Figure 18a) and Pfam 
terms glutathione-S-transferase (Table 3) for upregulated contigs. Moreover, GO terms 
allene-oxide cyclase activity a jasmonic acid pathway enzyme and intracellular cyclic 
nucleotide activated cation channel activity (Figure 18a), further point to increased signal 
transductions in oaks in response to P. penetrans during RF. Similarly, during SF GO terms 
such as protein N-acetylglucosaminyltransfarase (Figure 18c) and abundant Pfam terms 
leucine rich repeats (LRR) proteins involved in pathogen resistance signalling (Table 3) 
enriched in upregulated contigs indicate increased defence signalling. Consistently, KEGG 
pathways related to lipid metabolism and microbial metabolism in diverse environments 
(Table A1) all related to biosynthesis of signalling molecules and transductions were 
enriched in upregulated contigs during SF. 
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Figure 18 Summarized GO terms enriched for differentially expressed contigs in systemic leaf tissue of oak microcuttings response to inoculation with Pratylenchus 
penetrans during root flush (RF) (a and b) and shoot flush (SF) (c and d) developmental stages of the oak microcuttings. Presented are data for the relative 
abundance of GO terms enriched belonging to each classification i.e. biological process, cellular component and molecular function, upregulated (blue) and 
downregulated (red) 
43 
Table 3 Most enriched Protein families during interaction with Pratylenchus penetrans. Presented are 
the top ten most enriched Protein families for up- and downregulated contigs in leaf tissues of oak 
microcuttings during root flush and shoot flush developmental stages of oaks, Protein family (Pfam) 
ID, Pfam term description and significance level (P-value) (modified from Maboreke et al., 2016) 
    Oak growth stage ID Description P value 
 Upregulated 
   Root Flush PF05131.9 Pep3/Vps18/deep orange family 4.58E-06 
PF10433.4 
Mono-functional DNA-alkylating methyl methanosulfonate N-
term 1.13E-04 
PF07650.12 KH domain 9.43E-04 
PF02798.15 Glutathione S-transferase 9.85E-04 
PF00043.20 Glutathione S-transferase 1.03E-03 
PF13410.1 Glutathione S-transferase 1.05E-03 
PF07452.7 CHRD domain 1.35E-03 
PF13409.1 Glutathione S-transferase 1.35E-03 
PF02536.9 mTERF 1.64E-03 
 
PF13417.1 Glutathione S-transferase 1.74E-03 
Shoot Flush PF05368.8 NmrA-like family 9.92E-07 
PF13460.1 NADH(P)-binding 2.18E-06 
PF00067.17 Cytochrome P450 2.45E-06 
PF01073.14 3-beta hydroxysteroid dehydrogenase/isomerase family 4.78E-06 
PF01370.16 NAD dependent epimerase/dehydratase family 9.43E-06 
PF13504.1 Leucine rich repeat 1.04E-05 
PF00560.28 Leucine Rich Repeat 2.60E-05 
PF13855.1 Leucine rich repeat 3.79E-05 
PF13854.1 Kelch motif 4.60E-05 
 
PF13516.1 Leucine Rich repeat 4.96E-05 
Downregulated 
   Root Flush PF14225.1 Cell morphogenesis C-terminal 1.50E-04 
PF05004.8 Interferon-related developmental regulator (IFRD) 1.85E-04 
PF08167.7 rRNA processing/ribosome biogenesis 4.64E-04 
PF06146.7 Phosphate-starvation-inducible E 9.10E-04 
PF12348.3 CLASP N terminal 1.04E-03 
PF13798.1 Protein of unknown function with PCYCGC motif 1.54E-03 
PF10248.4 Myelodysplasia-myeloid leukemia factor 1-interacting protein 2.43E-03 
PF11305.3 Protein of unknown function (DUF3107) 2.47E-03 
PF14151.1 YfhD-like protein 2.96E-03 
 
PF01690.12 Potato leaf roll virus readthrough protein 3.02E-03 
Shoot Flush PF07732.10 Multicopper oxidase 1.50E-14 
PF00394.17 Multicopper oxidase 1.48E-13 
PF07731.9 Multicopper oxidase 4.20E-13 
PF00225.18 Kinesin motor domain 2.17E-11 
PF00759.14 Glycosyl hydrolase family 9 2.07E-08 
PF06525.6 Sulfocyanin (SoxE) 3.46E-08 
PF00230.15 Major intrinsic protein 1.74E-07 
PF00091.20 Tubulin/FtsZ family 2.03E-07 
PF13229.1 Right handed beta helix region 4.66E-07 
PF12708.2 Pectate lyase superfamily protein 5.02E-07 
Pathogen triggered defence was activated, indicated by enriched GO terms lignin catabolism 
involved in cell wall fortification during RF (Figure 18a), and chitinase activity and chitinase 
binding during SF (Figure 18c). Moreover, during RF the production of 
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secondary metabolites was induced indicated by enriched GO terms O-methyltransferase 
activity and 2-C-methyl-D-erythritol 4-phosphate cytidyltransferase activity involved in the 
phenylpropanoid and isoprenoid biosynthesis pathways, respectively (Figure 18a). A large 
repertoire of secondary metabolites was induced, e.g. GO terms such as steroid and flavonoid 
biosynthesis, leucocyanidin oxygenase activity, naringenin-chalcone synthase activity, 
terpene synthase activity (Figure 18c) and Pfam term 3-beta hydroxysteroid dehydrogenase 
family (Table 3). Correspondingly, KEGG pathways for biosynthesis of flavonoids and 
phenylpropanoid were enriched in upregulated contigs (Table A1) during SF. The enrichment 
of KEGG pathways for metabolism of xenobiotic cytochrome P450, drug metabolism-
cytochrome P450 and aminobenzoate degradation (Table A1) in upregulated contigs during 
both growth stages of oak microcuttings, further points to induction of plant defence in 
response to P. penetrans. 
On the other hand, some plant defence processes were repressed in response to P. penetrans. 
During RF GO terms inositol triphosphate metabolism and cellular response to glucose 
starvation (Figure 18b) and Pfam term Phosphate-starvation-inducible E (Table 3) essential 
for plant resistance signalling were enriched in downregulated contigs. KEGG pathways for 
ascorbate, aldarate and inositol phosphate metabolism (Table A1) were enriched in 
downregulated during RF. Similarly, during SF GO terms pectinesterase inhibitor, signal 
transducer activity (Figure 18d) along with Pfams Right handed beta helix region and Major 
intrinsic protein (Table 3) involved in pathogen elicited signalling, were enriched in 
downregulated contigs. KEGG pathways for linoleic acid and sphingolipid metabolism were 
enriched in downregulated contigs during SF (Table 1). Moreover, during RF GO terms 
enriched in downregulated contigs related to basal defence mRNA processing and double 
stranded RNA binding (Figure 18b) and corresponding Pfam rRNA processing/ribosome 
biogenesis (Table 3). While during SF GO terms lignin catabolism and copper binding 
(Figure 18d) and Pfam terms Multicopper oxidase (Table 3) were enriched in downregulated 
contigs indicating reduced defence responses. Consistently, KEGG pathways involved in 
plant defence such as glycosaminoglycan degradation, phenylpropanoid biosynthesis and 
phenylalanine metabolism (Table) were also enriched in downregulated contigs. 
Photosynthetic processes and carbohydrate metabolism were altered in response to P. 
penetrans, yet mainly during SF. Processes related to carbohydrate metabolism were 
significantly altered. The enrichment of GO terms regulation of photosynthesis and 
photosynthesis acclimation in upregulated contigs (Figure 18 c) and the corresponding KEGG 
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pathways porphyrin and chlorophyll metabolism in downregulated contigs (Table A1) point 
to repressed photosynthesis. Moreover, during SF GO terms glucose-6-phosphate transport, 
glucose-6-phosphate transmembrane transporter activity and carbohydrate storage (Figure 
18c) were enriched in upregulated contigs, while GO terms sucrose metabolism and 
carbohydrate metabolism (Figure 18d) were enriched in downregulated contigs. Consistently, 
KEGG pathways for glycolysis/gluconeogenesis, glyoxylate and dicarboxylate metabolism 
were enriched in upregulated contigs; while pathways such as pentose and glucuronate 
interconversions and galactose metabolism were enriched in downregulated contigs 
(Appendix 1), collectively pointing to an accumulation of glucose in terminal leaf tissues and 
substantial changes in carbohydrate metabolism during SF. 
Additional to regulation of host defence and carbohydrate metabolism, genes related to cell 
growth process were differentially expressed. During RF GO term positive regulation of cell 
proliferation (Figure 18a) and corresponding Pfam term Chordin (CHRD) protein related to 
regulation of basic and vital cellular processes (Table 3) were enriched in upregulated contigs, 
likely an indication compensatory growth in response to P. penetrans infection. Contrastingly, 
during SF the enrichment of GO terms protein polymerization, regulation of DNA replication 
and cell proliferation (Figure 18d) and Pfam terms kinesin motor domain and tubulin family 
proteins (Table 3) in downregulated contigs points to repressed plant growth. Moreover, GO 
terms cellulose synthase (UDP-forming) activity, plant-type cell wall and lignin catabolism 
(Figure 18d) and the corresponding Pfam term glycosyl hydrolase family 9 (Table 3) were 
also enriched in downregulated contigs. Together, all these point to repression of plant growth 
during SF. 
3.1.1.2 Systemic transcriptome changes in response to Piloderma croceum 
The ectomycorrhizal fungus, P. croceum, elicited plant signalling in leaf tissues of oak 
microcuttings during RF, indicated by GO terms phospholipase C activity, adenylate cyclase 
activity and calcium binding (Figure 19a) and the corresponding abundant Pfam terms EF 
hand domain and oligopeptidase F (Table 4) which were enriched in upregulated contigs 
during RF. In addition, GO terms response to wounding, hydroquinone: oxygen 
oxidoreductase activity, superoxide metabolism and oxygen binding induced in response to 
pathogens (Figure 19a) and KEGG pathways related to biosynthesis of signalling molecules 
such as linoleic and arachidonic acid were enriched in upregulated contigs (Table A1). 
Similarly, during SF signalling was enhanced via increased oxidative stress signalling 
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molecules indicated by the enrichment of GO terms ATPase activity coupled and NADH 
dehydrogenase (ubiquinone activity) (Figure 19c) and Pfam term acyl-Co dehydrogenase C 
terminal (Table 4) in upregulated contigs. In support, the KEGG pathway for oxidative 
phosphorylation was enriched in upregulated contigs during SF (Table A1). 
Moreover, the enrichment of GO terms xyloglucan: xyloglucosyltransferase and lignin 
catabolism (Figure 19a) and the corresponding KEGG pathway for metabolism of xenobiotics 
by cytochrome P450 (Table A1) indicate induction of plant defence and cell wall fortification 
during RF. Meanwhile, during SF GO term DNA repair, damaged DNA binding and voltage-
gated potassium channel activity (Figure 19c) and the KEGG pathway for N-Glycan 
biosynthesis (Table A1) were enriched in upregulated contigs indicating promotion of stress 
tolerance. Furthermore, the enrichment of Pfam term 6,7-dimethyl-8-ribityllumazine synthase, 
a precursor for riboflavin biosynthesis (Table 4) and KEGG pathways for caffeine, thiamine 
and retinol metabolism in upregulated contigs during RF and folate biosynthesis and vitamin 
B6 metabolism during SF (Table A1) all point to increased antioxidant activity and stress 
tolerance in the oaks in response to P. croceum. 
On the contrary, the interaction with the mycorrhizal symbiont also repressed signalling and 
host defence. During RF GO terms response to stress, salicylic acid biosynthesis and 
phosphorylase activity (Figure 19b) and Pfam term carbohydrate phosphorylase (Table 4) 
and the KEGG pathway for alpha-linolenic acid metabolism were enriched in downregulated 
contigs. While during SF, GO terms linoleate 13 S-lipoxygenase and oxylipin biosynthesis 
(Figure 19d) and Pfam term lipoxygenases (Table 4) enriched in downregulated contigs, 
further indicate repressed activation of host resistance responses. In support, KEGG pathways 
for fatty acid elongation and linoleic acid metabolism (Table A1) were enriched in 
downregulated contigs. Moreover, the enrichment of GO terms mRNA processing, ubiquitin-
protein transferase activity and response to herbivore (Figure 19d) in downregulated contigs 
further indicates repression of oak defence in response to P. croceum during SF. 
 Generally, a repression of secondary oak defence compounds was assigned. During RF GO 
terms pyridoxal phosphate binding, terpene synthase and spermidine biosynthesis (Figure 
19b) and Pfam terms terpene synthase and terpene synthase family (Table 4) and KEGG 
pathways for flourobenzoate, chlorocyclohexane and chlorobenzene degradation (Table A1) 
were enriched downregulated contigs. Similarly, during SF the enrichment of KEGG pathway 
for monoterpernoid biosynthesis (Table A1) in downregulated contigs indicates a repression 
of secondary metabolites. 
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Figure 19 Summarized GO terms enriched for differentially expressed contigs in systemic leaf tissue of oak microcuttings in response to inoculation with Piloderma 
croceum during root flush (RF) (a and d) and shoot flush (SF) (c and d) developmental stages of the oak microcuttings. Presented are data for the relative abundance of 
GO terms enriched belonging to each classification i.e. biological process, cellular component and molecular function, upregulated (blue) and downregulated (red).  
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Table 4 Most enriched Protein families during interaction with Piloderma croceum. Presented are the 
top ten most enriched Protein families for up- and downregulated contigs in leaf tissues of oak 
microcuttings during root flush and shoot flush developmental stages of oaks, Protein family (Pfam) 
ID, Pfam term description and significance level (P-value)  
Oak growth stage ID Description P value 
Upregulated 
Root Flush PF03305.8 Mycoplasma MG185/MG260 protein 3.85E-03 
PF03484.10 tRNAsynthetase B5 domain 3.85E-03 
PF05131.9 Pep3/Vps18/deep orange family 3.82E-02 
PF13833.1 EF-hand domain pair 3.82E-02 
PF13202.1 EF hand 3.82E-02 
PF13405.1 EF-hand domain 3.82E-02 
PF13499.1 EF-hand domain pair 3.82E-02 
PF08439.5 Oligopeptidase F 3.82E-02 
PF00036.27 EF hand 3.82E-02 
PF02439.10 Adenovirus E3 regionprotein CR2 3.82E-02 
Shoot Flush PF02875.16 Mur ligase family 2.25E-04 
PF08245.7 Mur ligase middle domain 2.62E-04 
PF07042.6 TrfA protein 1.74E-03 
PF10013.4 Uncharacterized protein conserved in bacteria (DUF2256) 2.07E-03 
PF12432.3 Protein of unknown function (DUF3677) 2.23E-03 
PF00885.14 6,7-dimethyl-8-ribityllumazine synthase 2.54E-03 
PF11099.3 Apoptosis regulator M11L like 2.62E-03 
PF07963.7 Prokaryotic N-terminal methylation motif 2.70E-03 
PF02813.9 Retroviral M domain 2.98E-03 
PF12186.3 Acyl-CoA dehydrogenase C terminal 2.99E-03 
Downregulated 
Root Flush PF01397.16 Terpene synthase 1.67E-06 
PF06958.7 S-type Pyocin 6.55E-05 
PF12745.2 Anticodon binding domain of tRNAs 9.99E-05 
PF08507.5 COPI associated protein 1.16E-04 
PF13393.1 Histidyl-tRNAsynthetase 1.33E-04 
PF03936.11 Terpene synthase family 2.09E-04 
PF03129.15 Anticodon binding domain 3.72E-04 
PF07653.12 Variant SH3 domain 4.00E-04 
PF06241.7 Protein of unknown function (DUF1012) 5.02E-04 
PF00343.15 Carbohydrate phosphorylase 5.22E-04 
Shoot Flush PF00305.14 Lipoxygenase 7.23E-04 
PF11618.3 Protein of unknown function (DUF3250) 1.18E-03 
PF03012.9 Phosphoprotein 1.73E-03 
PF12438.3 Protein of unknown function (DUF3679) 1.89E-03 
PF12901.2 SUZ-C motif 1.92E-03 
PF02554.9 Carbon starvation protein CstA 2.45E-03 
PF10655.4 Hypothetical protein of unknown function (DUF2482) 2.63E-03 
PF09515.5 Thiamine transporter protein (Thia_YuaJ) 2.73E-03 
PF06625.6 Protein of unknown function (DUF1151) 2.74E-03 
PF02442.12 Lipid membrane protein of large eukaryotic DNA viruses 2.84E-03 
Carbohydrate metabolism was altered in response to P. croceum indicated by the enrichment 
of GO terms carbohydrate metabolism in downregulated contigs (Figure 19c) during RF. 
Similarly, during SF the enrichment of Pfam term carbon starvation protein CstA (Table 4) 
and KEGG pathways for porphyrin and chlorophyll metabolism (Table A1) in downregulated 
contigs point to reduced carbohydrate metabolism. In addition, during SF GO terms related to 
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protein secretion ER body organization, regulation of vesicle targeting, to, from or with Golgi 
in downregulated contigs (Figure 12d) and KEGG pathway lysine degradation (Table A1), 
while GO term protein retention in Golgi apparatus was enriched in upregulated contigs 
(Figure 19c) pointing to repressed protein secretions. 
 
3.1.1.3 Systemic transcriptome changes in response to Pratylenchus penetrans 
and Piloderma croceum 
Co-inoculation of oak microcuttings with P. penetrans and P. croceum elicited defence 
related signalling in the leaf tissues of oak microcuttings. GO terms such as response to biotic 
stimulus, lipid metabolism, inositol tetrakisphosphate-2-kinase activity and signal transducer 
(Figure 20a) and Pfam term probable lipid transfer (Table 5) related to pathogen perception, 
were enriched in upregulated contigs. Corresponding KEGG pathways for fatty acid, linoleic 
and arachidonic acid as well as sphingolipid, gylcerolipid and gylcerophospholipid 
metabolism, all related to signalling molecules were also enriched in upregulated contigs 
(Table 5). Similarly, during SF the enrichment of GO terms intracellular cyclic nucleotide 
activated cation channel activity and superoxide dismutase activity (Figure 20c) in 
upregulated contigs indicates activation of signalling. 
In addition, during RF GO terms copper binding, plant-type cell wall organization, wax and 
cutin biosynthesis (Figure 20a) and corresponding Pfam terms multicopper oxidase and 
GDSL-like lipase/acylhydrolase (Table 5) related to physical reinforcement of plant cell wall 
barrier were enriched in upregulated contigs. The induction of defence in oak microcutting 
was further indicated by the enrichment of KEGG pathways for metabolism of xenobiotics by 
cytochrome P450 and cutin in upregulated contigs (Table A1) during RF. Comparably, GO 
terms aldehyde catabolism, quinone binding, aldehyde decarbonylase activity and 
triglyceride lipase activity (Figure 20c) and Pfam terms multi-copper polyphenol 
oxidoreductase laccase and wax 2 C-terminal domain proteins (Table 5) were enriched in 
upregulated contigs also indicating enhanced defence during SF. Furthermore, during RF, GO 
terms trihydroxyferuloyl spermidine O-methyltransferase activity and polyamine metabolism 
(enzymes related to spermidine or spermine) (Figure 20a) and related KEGG pathways for 
phenylpropanoid and steroid hormone biosynthesis, phenylalanine, retinol and caffeine 
metabolism (Table A1) were enriched in upregulated contigs pointing to an increase in 
production of secondary metabolites. 
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Figure 20 Summarized GO terms enriched for differentially expressed contigs in systemic leaf tissue of oak microcuttings in response to inoculation with Pratylenchus 
penetrans and Piloderma croceum during root flush (RF) (a and d) and shoot flush (SF) (c and d) developmental stages of the oak microcuttings. Presented are data for the 
relative abundance of GO terms enriched belonging to each classification i.e. biological process, cellular component and molecular function, upregulated (blue) and 
downregulated (red) 
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Table 5 Most enriched Protein families during interaction with Pratylenchus penetrans and Piloderma 
croceum. Presented are the top ten most enriched Protein families for up- and downregulated contigs 
in leaf tissues of oak microcuttings during root flush and shoot flush growth stages of oaks, Protein 
family (Pfam) ID, Pfam term description and significance level (P-value) (modified from Maboreke et 
al., 2016) 
 
    Oak growth stage ID Description P value 
    Upregulated 
   Root Flush PF13229.1 Right handed beta helix region 2.73E-10 
 
PF14368.1 Probable lipid transfer 3.90E-09 
 
PF00230.15 Major intrinsic protein 4.07E-09 
 
PF00234.17 Protease inhibitor/seed storage/LTP family 9.65E-09 
 
PF00657.17 GDSL-like Lipase/Acylhydrolase 2.17E-08 
 
PF07731.9 Multicopper oxidase 2.48E-08 
 
PF12708.2 Pectate lyase superfamily protein 2.36E-07 
 
PF00759.14 Glycosyl hydrolase family 9 2.54E-07 
 
PF00394.17 Multicopper oxidase 3.01E-07 
 
PF07732.10 Multicopper oxidase 4.23E-07 
Shoot Flush PF07042.6 TrfA protein 9.92E-04 
 
PF13222.1 Protein of unknown function (DUF4030) 1.07E-03 
 
PF03511.9 Fanconi anaemia group A protein 1.68E-03 
 
PF07963.7 Prokaryotic N-terminal methylation motif 1.77E-03 
 
PF08412.5 Ion transport protein N-terminal 1.77E-03 
 
PF02041.11 Auxin binding protein 2.55E-03 
 
PF02578.10 Multi-copper polyphenol oxidoreductase laccase 2.63E-03 
 
PF12076.3 WAX2 C-terminal domain 2.86E-03 
 
PF07393.6 Exocyst complex component Sec10 3.02E-03 
 
PF02522.9 Aminoglycoside 3-N-acetyltransferase 3.05E-03 
Downregulated 
   Root Flush PF03055.10 Retinal pigment epithelial membrane protein 1.44E-07 
 
PF00332.13 Glycosyl hydrolases family 17 2.84E-06 
 
PF01738.13 Dienelactone hydrolase family 1.73E-05 
 
PF00670.16 S-adenosyl-L-homocysteine hydrolase 3.31E-05 
 
PF04101.11 Glycosyltransferase family 28 C-terminal domain 5.33E-05 
 
PF01973.13 Protein of unknown function DUF115 6.11E-05 
 
PF13528.1 Glycosyl transferase family 1 1.02E-04 
 
PF00300.17 Histidine phosphatase superfamily (branch 1) 1.80E-04 
 
PF02772.11 S-adenosylmethionine synthetase 2.47E-04 
 
PF00221.14 Aromatic amino acid lyase 3.04E-04 
Shoot Flush PF10604.4 Polyketide cyclase / dehydrase and lipid transport 2.47E-04 
 
PF03169.10 OPT oligopeptide transporter protein 5.82E-04 
 
PF00190.17 Cupin 6.22E-04 
 
PF00407.14 Pathogenesis-related protein Bet VI family 8.53E-04 
 
PF05360.9 yia A/B two helix domain 2.28E-03 
 
PF03547.13 Membrane transport protein 3.25E-03 
 
PF02442.12 Lipid membrane protein of large eukaryotic DNA viruses 3.58E-03 
 
PF07963.7 Prokaryotic N-terminal methylation motif 3.80E-03 
 
PF05153.10 Family of unknown function (DUF706) 3.99E-03 
 
PF01092.14 Ribosomal protein S6e 4.35E-03 
     
 
On the other hand, during RF GO terms killing cells of other organisms and ethylene 
biosynthetic process (Figure 20b) and KEGG pathway microbial metabolism in diverse 
environments (Table A1) all related to host defence were enriched in downregulated contigs. 
Similarly, during SF GO terms such as regulation of phosphoprotein phosphatase activity and 
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protein phosphatase inhibitor (Figure 20d) and corresponding Pfam terms pathogenesis-
related protein Bet VI family and polyketide cyclase/dehydrase involved in signal 
transductions (Table 5) were enriched in downregulated contigs. Production of secondary 
metabolites was also repressed indicated by GO terms such as carboxymethylene butenolidase 
activity, phenylpropanoid metabolism and shikimate 3- dehydrogenase activity (Figure 20b) 
as well as Pfams terms aromatic amino acid lyase and S-adenosylmethionine synthase (Table 
5) enriched in downregulated contigs during RF. Comparably during SF, the GO term terpene 
synthase activity (Figure 20d) was enriched in downregulated contigs. Further, repression of 
oak defence responses was indicated by the enrichment of KEGG pathways such as flavonoid 
and novobiocin metabolism and terpenoid biosynthesis during RF and steroid hormone 
biosynthesis, biosynthesis of secondary metabolites and ascorbate aldarate during SF in 
downregulated contigs (Table A1). 
Furthermore, during RF GO terms regulation of meristem growth, cell replication and 
cytokinesis by cell plate formation as well as cellulase and pectate lyase activity (Figure 20a) 
and Pfams terms glycosyl hydrolase family 9 and pectate lyase superfamily protein (Table 5) 
enriched in upregulated contigs indicate promotion of cell growth. Similarly, enrichment of 
Pfam term Auxin binding protein linked to control of growth and development processes 
(Table 5) and GO terms root epidermal cell differentiation and Rho GDP-dissociation 
inhibitor activity in upregulated contigs (Figure 20c) and GO terms syncytium formation and 
high affinity potassium ion import (Figure 20d) and the auxin efflux carrier Pfam Membrane 
transport protein (Table 6) enriched in downregulated contigs during SF all point to 
promotion of lateral root growth process over apical growth. 
Besides plant signalling, nutrient metabolism of oaks was altered. Carbohydrate metabolism 
was downregulated during RF, GO term glycolytic process (Figure 20b) and corresponding 
KEGG pathways for glycolysis/gluconeogenesis, carbon fixation in photosynthetic 
organisms, pyruvate, fructose, mannose, starch and sucrose metabolisms (Table A1) were 
enriched in downregulated contigs. Meanwhile during SF, the GO term cellular response to 
sucrose starvation (Figure 20d) and related KEGG pathway for ascorbate and aldarate 
metabolism (Table A1) were enriched in downregulated contigs indicating repressed sugar 
induced signal transductions. For nitrogen, the enrichment of GO terms urea transmembrane 
transport and water channel activity (Figure 20c) involved in remobilizing amino acids and 
KEGG pathways for cyanoamino acid, tryptophan and beta-alanine metabolism (Table A1) in 
upregulated contigs indicate enhanced metabolism and transport of proteins during RF. In 
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contrast, during SF GO terms protein retention in Golgi apparatus and dolichyl-phosphate 
beta-glucosyltransferase activity (Figure 20c) and Pfam Exocyst complex 3 component Sec10 
(Table 5) were enriched in upregulated contigs, while GO terms L-asparagine biosynthesis, 
asparagine synthase and oligopeptide transporter activity (Figure 20d) and corresponding 
Pfams ribosomal protein S6 and OPT oligopeptide transporter protein (Table 5) were 
enriched in downregulated contigs. Together these are indicative of repressed mobilization of 
proteins in systemic leaf tissues of oak microcuttings during SF. 
 
3.1.2 Effect of Pratylenchus penetrans and Piloderma croceum on allocation 
of 13C and 15N in total plant, shoot and root compartments 
 
3.1.2.1 Carbon allocation  
The effects of the biotic interactions on oak carbon and nutrient metabolisms were assigned 
using 13CO2 and 
15N labelling of plants. The total amount of 13C excess in oak microcutting 
across the different treatments ranged between 0.13 - 0.20 and 0.15 - 0.4 mg during RF and 
SF oak microcutting growth stages, respectively (Figure 21). The growth stage of the oak 
microcuttings impacted the total amount of 13C excess in plants (F1, 60 = 6.08, P = 0.017), and 
that allocated to shoots (F1, 60 = 27.91, P < 0.001) or roots (F1, 60 = 12.99, P < 0.001) (Figure 
21). The relative allocation of carbon to the shoot and root tissues expressed as the R/S ratio 
of 13C excess was significantly higher during RF compared to SF (F1, 60 = 33.48, P < 0.001). 
Inoculation of plants with P. croceum enhanced the total amount of carbon in the oak 
microcuttings in comparison to the control plants by 50% and 40% during RF and SF, 
respectively, (F1, 60 = 33.95, P < 0.001) (Figure 21). 
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Figure 21 Effect of the plant-parasitic nematode Pratylenchus penetrans and the ectomycorrhizal 
fungus Piloderma croceum on total amount of 13C excess (mg ± s.d.) in oak microcuttings. Presented 
are data for 13C excess in shoot and root compartments, root to shoot ratios (R/S) of 13C excess (mean 
± s.d.) determined for plants harvested during root flush and shoot flush developmental stages of oaks. 
For each oak growth stage, data with the same letters are not significantly different according to 
Tukey’s HSD test at P < 0.05 
 
In addition, two-way ANOVA showed that P. croceum doubled the amount of 13C excess in 
total plant (F1, 42 = 27.61, P < 0.001) and for both shoot (F1, 42 = 15.08, P = 0.001) and root 
(F1, 42 = 23.19, P < 0.001) compared to control plants during RF (Figure 14). Similarly, P. 
croceum enhanced total amount of 13C excess in total plant (F1, 18= 10.31, P = 0.005) and 
shoot (F1, 18 = 33.95, P = 0.008) during SF (Figure 21). On the other hand, P. penetrans had 
no effect on the total amount of 13C excess or amount of carbon allocated to shoot and roots 
compartments in oak microcuttings during either growth stage. However, P. penetrans 
reduced the R/S of 13C excess by 50% in comparison to the control, during SF (F1, 18 = 6.97, P 
= 0.017). 
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3.1.2.2 Nitrogen allocation 
The total amount of 15N excess ranged between 2.6 - 5.6 and 1.7 - 6.8 μg during growth stages 
RF and SF, respectively. In contrast to carbon allocation, the growth stage had no effect on 
the total amount of nitrogen acquired by the plant. However, three-way ANOVA showed that 
the growth stage influenced the allocation of nitrogen to shoot (F1, 60 = 8.88, P = 0.004) and 
root (F1, 60 = 12.71, P < 0.001) tissues, higher amounts of nitrogen were allocated to shoots 
and roots during SF and RF, respectively compared to the control (Figure 22). Consequently, 
plants at SF had comparably lower 15N excess R/S ratio (F1, 60  = 18.40, P < 0.001) than during 
RF (Figure 22). Three-way ANOVA also showed that P. croceum enhanced the total amount 
of nitrogen acquired by the plant (F1, 60 = 36.84, P < 0.001) and allocated to the shoot (F1, 60 = 
34.66, P < 0.001) in comparison to the control, while P. penetrans reduced the amount of 15N 
excess in shoots compared to P. croceum (F1, 60 = 5.33, P < 0.024) (Figure 22). 
 
 
 
Figure 22 Effect of the plant-parasitic nematode Pratylenchus penetrans and the ectomycorrhizal 
fungus Piloderma croceum on total amount of 15N excess (in μg ± s.d.) in oak microcuttings. 
Presented is data for 15N excess in shoot and roots compartments, root to shoot ratios (R/S) of 15N 
excess (mean ± s.d.) determined for plants harvested during root flush and shoot flush developmental 
stages of oaks. For each oak growth stage, data with the same letters are not significantly different 
according to Tukey’s HSD test at P < 0.05 
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Two-way ANOVA showed that positive effect on the total amount of nitrogen acquired by the 
microcuttings was consistent regardless of the oak growth stage (F1, 42 = 15.29, P < 0.001 and 
F1, 18 = 21.10, P < 0.001, for growth RF and SF, respectively) (Figure 22). Similarly, P. 
croceum boosted the amount of nitrogen allocated to shoots and roots of oaks at both growth 
stages (shoot: F1, 42 = 9.68, P = 0.003 and roots: F1, 42 = 14.26, P < 0.001 during RF, and 
shoot: F1, 18 = 17.98, P < 0.001 and roots: F1, 18 = 17.631, P < 0.001 during SF) (Figure 22). 
On the contrary, interaction of P. croceum and Pratylenchus penetrans hampered allocation 
of nitrogen to the roots (F1, 42 = 5.13, P = 0.029) during RF as demonstrated by a 35% 
decrease of 15N excess in roots compared to plants inoculated with only P. croceum (Figure 
22). 
 
3.1.2.3 Relative allocation of 13C and 15N to terminal leaves 
Similar to the transcriptomic responses above (Chapter 3.1.1), three-way ANOVA showed 
that the growth stage of oaks strongly increased the allocation of recent photoassimilated 
carbon (F1, 60 = 158.05, P < 0.001) and nitrogen (F1, 60 = 147.31, P < 0.001) in terminal leaves 
(Figure 23; Table A4). Three-way ANOVA showed that P. penetrans independently 
enhanced the amount of 13C (F1, 60 = 7.15, P < 0.001) and 
15N (F1, 60 = 11.22, P = 0.001) 
allocated to leaves as well as P. penetrans in interaction with the oak growth stage (13C: F1, 60 
= 10.61, P = 0.002 and 15N: F1, 60 = 21.47, P < 0.001) during SF compared to RF (Figure 23). 
Comparably, P. croceum increased the proportion of nitrogen allocated to terminal leaves 
compared to the control (F1, 60 = 5.13, P = 0.027) (Figure 23) however, with no effect on the 
13C flux. Similarly, interaction of P. croceum and oak growth stage influenced allocation of 
nitrogen to terminal leaves (F1, 60 = 7.48, P = 0.008) with more 
15N excess allocated during SF 
and compared to RF (Figure 23; Table A4). 
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Figure 23 Effect of the plant-parasitic nematode Pratylenchus penetrans and the ectomycorrhizal 
fungus Piloderma croceum on the percentage of total 13C and 15N excess (% mean ± s.d.) allocated to 
terminal leaves of oak microcuttings. Presented are data for root flush and shoot flush developmental 
stages of oaks. For each oak growth stage, data with the same letters are not significantly different 
according to Tukey’s HSD test at P < 0.05 
 
3.1.3 Plant growth response 
 
3.1.3.1 Plant Biomass 
The total plant biomass of the oak microcuttings ranged between 0.31 ± 0.07 – 0.42 ± 0.14 
and 0.27 ± 0.14 – 0.49 ± 0.11 g DW during RF and SF, respectively (Figure 24) with no 
effect of growth stage. 
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Figure 24 Effect of the plant-parasitic nematode Pratylenchus penetrans and the ectomycorrhizal 
fungus Piloderma croceum on total amount of plant biomass (g ± SD) in oak microcuttings. Presented 
is data for biomass of shoot and roots compartments, root to shoot ratios (R/S) of plant biomass (mean 
± s.d.) determined for plants harvested during root flush and shoot flush developmental stages of oaks. 
For each oak growth stage, data with the same letters are not significantly different according to 
Tukey’s HSD test at P < 0.05 
 
Three-way ANOVA showed that P. croceum enhanced the biomasses of the total plant 
(F1, 60 = 20.59, P < 0.001), shoot (F1, 60 = 18.34, P < 0.001) and root (F1, 60 = 14.65, P = 
0.001) (Figure 24). Correspondingly, two-way ANOVA showed that P. croceum enhanced 
the total plant biomass during RF (F1, 42 = 5.11, P = 0.029) and SF (F1, 18 = 14.83, P = 
0.001) (Figure 24). Similarly, P. croceum increased the biomass of roots (F1, 18 = 12.82, P 
= 0.002) and shoot (F1, 18 = 14.32, P = 0.001) during RF (Figure 24). In contrast, P. 
penetrans had no effect on the plant biomass. 
 
3.1.3.2 Leaf area and root length 
Neither P. penetrans nor P. croceum had an effect on the leaf area. However, three-way 
ANOVA showed that P. croceum significantly reduced the root length of the oak 
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microcuttings (F1, 60 = 13.84, P < 0.001) across the growth stages (Table 6). This was 
particularly noticeable during RF (F1, 42 = 20.88, P < 0.001), roots of plants inoculated with 
P. croceum were 30% shorter compared to control (Table 6). 
 
Table 6 Effect of the plant-parasitic nematode Pratylenchus penetrans and the ectomycorrhizal fungus 
Piloderma croceum on average leaf area (leaf area/ number of leaves (cm2 ± s.d.)) and root length of 
oak microcuttings. Presented are data for root flush and shoot flush developmental stages of oaks. 
ANOVA with *** for P < 0.001. Data with the same letters are not significantly different (Tukey’s 
HSD test, P <0.05). Pp: Pratylenchus penetrans, Pc: Piloderma croceum, PpPc: co-inoculation with 
Pratylenchus penetrans and Piloderma croceum 
 
     
 
Control P. penetrans P. croceum PpPc ANOVA 
Root Flush 
    Leaf area (cm2) 5.78 ± 1.37 7.01 ± 3.83 6.42 ± 1.90 5.92 ± 2.43 
 Root Length (cm) 304.7 ± 41.4a 282.1 ± 51.8a 218.5 ± 52.3b 234.5 ± 52.5b Pc*** 
Shoot Flush 
    Leaf area (cm2) 3.98 + 1.95 3.38 ± 2.23 3.33 ± 1.80 3.87 ± 1.85 
 Root Length (cm) 262.1 ± 58.6 260.9 ± 33.6 235.2 ± 26.9 240.7 ± 34.5 
 
      
 
 
 
Figure 25 Images showing Quercus robur microcuttings harvested during root flush and shoot flush
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3.1.4 Effects of P. penetrans and P. croceum on the rhizosphere microbial 
biomass and dominant groups 
 
The microbial biomass as assessed by the total amount of PLFAs in the rhizosphere soils was 
strongly affected by the growth stage of the oak microcuttings (F1, 60 = 111.75, P < 0.001) 
indicated by generally higher amounts of total amount PLFAs during RF compared to SF 
(Figure 26). Due to the observed strong effect of the plants endogenous growth stage on 
transcriptomic and nutrient allocation responses, the following results present data for 
individual growth stages i.e. RF and SF, respectively. 
 
 
 
Figure 26 Effects of the plant-parasitic nematode Pratylenchus penetrans and the ectomycorrhizal 
fungus Piloderma croceum on total amounts of phospholipid fatty acids (PLFAs)(in nmol/g DW soil ± 
s.d.) in the rhizosphere of Quercus robur microcuttings. Presented are data for root flush and shoot 
flush developmental stages of oaks. For each growth stage, data with the same letters are not 
significantly different (Tukey’s HSD test, P < 0.05) 
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During RF, P. croceum strongly increased (F1, 42 = 102.41, P < 0.001) the total amount of 
PLFAs, as measure for microbial biomass, by 20% and 25% compared to the control and P. 
penetrans treatments, respectively, (Figure 26). During SF, the effect of the biotic interactions 
was stronger and the symbiont P. croceum increased biomass of microorganisms by almost 
50% compared to the control (F1, 18 = 245.83, P < 0.001). In contrast, P. penetrans either 
solely (F1, 18 = 94.16, P < 0.001) or in co-inoculation with P. croceum (F1, 18 = 78.23, P < 
0.001) resulted in a drastic decline by 41% compared to singular P. croceum inoculation 
(Figure 26). 
 
Table 7 Effects of the plant-parasitic nematode Pratylenchus penetrans and the ectomycorrhizal 
fungus Piloderma croceum on the occurrence of Gram-positive, Gram-negative and Actinobacteria, 
and fungi (phospholipid fatty acids in nmol g-1 DW soil ± s.d.) in the rhizosphere of Quercus robur 
microcuttings. Presented are data for the developmental stages root flush and shoot flush. For each oak 
growth stage, data with the same letters are not significantly different according to Tukey’s HSD test 
at P < 0.05. F/B: fungal to bacterial biomass Pp: Pratylenchus penetrans, Pc: Piloderma croceum, 
PpPc: co-inoculation with Pratylenchus penetrans and Piloderma croceum. 
 
   
 
Control P. penetrans P. croceum Pp × Pc Anova 
Root Flush 
     Gram + bacteria  22.32 ± 2.18bc 20.32 ± 2.12c 27.06 ± 1.89a 24.33 ± 2.07ab Pp**; PpPc*** 
Gram- bacteria  10.39 ± 1.89b 10.51 ± 2.52b 14.54 ± 2.11a 13.73 ± 2.90a Pc*** 
Actinobacteria  11.75 ± 1.64b 11.33 ± 1.21b 13.52 ± 0.66a 12.08 ± 1.52ab Pp*, Pc** 
Fungi  3.41± 0.38b 3.57 ± 0.45b 6.45 ± 1.28a 6.13 ± 1.11a Pc*** 
F/Be 0.06 ± 0.01b 0.07 ± 0.01b 0.09 ± 0.02a 0.09 ± 0.02a Pc*** 
Shoot Flush 
     Gram + bacteria  15.07 ± 1.57b 14.68 ± 0.68b 27.53 ± 1.79a 16.34 ± 0.86ab Pp***, Pc***, P Pc*** 
Gram- bacteria  8.17 ± 2.35b 7.10 ± 1.10b 16.70 ± 2.27a 10.20 ± 2.76b Pp**, Pc*, PpPc*** 
Actinobacteria  6.72 ± 0.91b 7.21 ± 0.67b 15.07 ± 0.43a 8.30 ± 1.91b Pp***, Pc***, PpPc*** 
Fungi  2.88 ± 0.19c 2.75 ± 1.52c 6.48 ± 0.45a 4.039 ± 1.07b Pp***, Pc***, PpPc*** 
F/Be 0.08 ± 0.01a 0.07 ± 0.00a 0.08 ± 0.01a 0.09 ± 0.03a 
 
       
Irrespective of the plant’s growth stage, the microbial community in the soil of the 
mesocosms was predominantly composed of Gram-positive, Gram-negative, Actino- and 
general bacteria, as well as fungi PLFA markers (Table 7). During RF, the plant parasite 
P.penetrans repressed the biomass of Gram-positive bacteria (F1, 42 = 12.0, P = 0.001) and 
Actinobacteria (F1, 42 = 5.71, P = 0.021). In contrast, the presence of the symbiont P. croceum 
enhanced the abundance of all microbial groups compared to the control (Gram-positive 
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bacteria: F1, 42 = 41.10, P < 0.001, Gram-negative bacteria: F1, 42 = 27.70, P < 0.001; 
Actinobacteria: F1, 42 = 10.64, P = 0.002 and Fungi: F1, 42 = 111.27, P < 0.001). The fungal 
biomass in soils inoculated with P. croceum was twice as much as that of soils without, this 
was further highlighted by the significantly higher F/B ratios in these soils compared to the 
control (F1, 42 = 34.90, P < 0.001). 
During SF, the effect of Pratylenchus penetrans and Piloderma croceum on the predominant 
microbial groups in the rhizosphere of the oak microcuttings was even stronger (Table 7). P. 
croceum significantly increased the biomass of all microbial groups in comparison to the 
control (Gram-positive bacteria: F1, 18 = 143.90, P < 0.001; Gram-negative bacteria: F1, 18 = 
35.15, P < 0.001; Actinobacteria: F1, 18 = 94.28, P < 0.001 and Fungi: F1, 18 = 96.73, P < 
0.001). In contrast, P. penetrans reduced the biomass of all microbial groups in comparison to 
sole inoculation with P. croceum (Gram-positive bacteria: F1, 18 = 97.16, P < 0.001; Gram-
negative bacteria: F1, 18 = 14.31, P = 0.002; Actinobacteria: F1, 18 = 41.86, P < 0.001 and 
Fungi: F1, 18 = 27.54, P = 0.001). This negative impact of P. penetrans remained pronounced 
during interaction with P. croceum (Gram-positive bacteria: F1, 18 = 84.55, P < 0.001; Gram-
negative bacteria: F1, 18 = 7.02, P = 0.017; Actinobacteria: F1, 18 = 55.82, P < 0.001 and Fungi: 
F1, 18 = 22.14, P < 0.001). 
 
3.1.5 Effect of P. penetrans and P. croceum on the rhizosphere microbial 
community structure 
 
MANOVA revealed that P. penetrans (F16, 27 = 3.88, P < 0.001), P. croceum (F16, 27 = 28.59, 
P < 0.001) and their co-inoculation (F16, 27 = 2.44, P = 0.020) were responsible for the changes 
in the predominant PLFAs in the rhizosphere of the oaks during RF. A stepwise discriminant 
function of analysis (DFA) showed significant differences among the soil microbial 
communities depending on the different biotic interactions (Figure 27a; whole model: F 24, 102 
= 12.98, P < 0.001). The first two discriminant functions significantly accounted for 95% of 
the total variances (root 1: P < 0.001and root 2: < 0.001). The first discriminant function 
showed a clear separation (eigenvalue = 12.37) of microbial communities in soils inoculated 
with P. croceum (P. croceum vs. Control: F 8, 35 = 35.96, P < 0.001; P. penetrans × P. 
croceum vs. Control: F 8, 35 = 21.21, P < 0.001; P. croceum vs. P. penetrans: F 8, 35 = 37.72, P 
< 0.001; P. penetrans × P. croceum vs. P. penetrans: F 8, 35 = 19.87, P < 0.001) (Figure 27a). 
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Figure 27 Discriminant functional analysis of the phospholipid fatty acids identified in the 
rhizosphere soil of Quercus robur microcuttings inoculated with Pratylenchus penetrans, Piloderma 
croceum and co-inoculation with Pratylenchus penetrans and Piloderma croceum (groups, n = 4), 
during (a) root flush and (b) shoot flush. Pp: Pratylenchus penetrans, Pc: Piloderma croceum and 
PpPc: co-inoculation with Pratylenchus penetrans and Piloderma croceum 
 
Correlation of the PLFAs with the extracted axes indicated significant effects of PLFAs i14:0, 
a15:0, i16:0, i17:0, a17:0, 16:1ω5c, 16:1ω7c, 17:0-10 meth, 18:2ω6, 18:1ω9c and cy19:0 in 
the discrimination of microbial communities along root 1 (Table 8). This corresponds to the 
increased amounts of these PLFAs in soils inoculated with P. croceum compared to control or 
P. penetrans treatments during RF (Table 9). Discrimination along root 2 indicated subtle 
separation (eigenvalue = 1.49) of rhizosphere microbial communities in soils inoculated with 
P. penetrans (P. penetrans vs. Control: F 8, 35 = 4.74, P = 0.001 and P. penetrans × P. 
croceum vs. P. croceum: F 8, 35 = 7.57, P < 0.001) (Figure 27a). PLFAs i14:0, i16:0, i17:0, 
17:0-10 meth and 18:0-10 meth were positively correlated root 2, whilst 18:1ω9c had a 
negative correlation (Table 8). Consistently, P. penetrans reduced the amounts of most 
PLFAs in the soil during RF (Table 9). 
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Table 8 Pearson’s coefficients of correlation between the different phospholipid fatty acids and the 
extracted roots of the discriminant function analyses. Presented are data for root flush and shoot flush 
growth stages of the oak microcuttings. Canonical scores for the first and second roots were used for 
the correlation. *, ** and *** refer to P <0.05, 0.01, and 0.001, respectively 
 
       
  
Root Flush 
 
Shoot Flush 
 Fatty acids Organism ROOT_1 ROOT_2 
 
ROOT_1 ROOT_2 
       
i14:0 
Gram-positive 
bacteria 
-0.530*** 0.555*** 
 
0.668** -0.362 
i15:0 
 
-0.21 -0.105 
 
0.869*** -0.136 
a15:0 
 
-0.746*** 0.162 
 
0.880*** -0.276 
i16:0 
 
-0.701*** 0.557*** 
 
0.860*** -0.218 
i17:0 
 
-0.545*** 0.546*** 
 
0.886*** -0.12 
a17:0 
 
-0.740*** 0.131 
 
0.900*** -0.239 
cy 17:0 
Gram-negative 
bacteria 
-0.0745 0.129 
 
0.871*** -0.213 
cy 19:0 
 
-0.702*** -0.143 
 
0.801*** -0.283 
16:0-10 Meth Actinobacteria -0.485** 0.185 
 
0.957*** -0.108 
17:0-10 Meth 
 
-0.311* 0.468** 
 
0.820*** -0.191 
18:0-10 Meth 
 
-0.394** 0.450** 
 
0.867*** -0.110 
16:1ω7c 
Bacteria in 
general 
-0.337* 0.170 
 
0.632*** -0.456* 
16:1ω5c 
 
-0.620*** 0.225 
 
0.788*** -0.133 
18:1ω9t 
 
-0.868*** -0.124 
 
0.919*** -0.078 
18:2ω6c Fungi -0.909*** 0.180 
 
0.957*** 0.051 
18:1ω9c 
 
-0.847*** -0.392** 
 
0.842*** -0.395 
       
 
 
Meanwhile, during SF MANOVA showed that P. penetrans (F3, 16 = 17.85, P = 0.018), P. 
croceum (F3, 16 = 68.73, P = 0.002) and their interaction (F3, 16 = 48.96, P = 0.004) provoked 
significant changes in the soil PLFA profiles in the rhizosphere of oak microcuttings, which is 
supported by a subsequent DFA (Figure 27b; whole model: F39, 18 = 24.63, P < 0.001). The 
first two roots significantly accounted for 98% of the variance (root 1: P < 0.001 and root 2: P 
< 0. 001). The first discriminant function distinctly separated (eigenvalue = 482.0) the PLFA 
pattern of soils inoculated with singular P. croceum from those of the other treatments (P. 
croceum vs. control: F6, 13 = 188.33, P < 0.001; P. croceum vs. P. penetrans: F6, 13 = 133.60, P 
< 0.001 and P. croceum vs. P. penetrans × P. croceum: F 6, 13 = 97.60, P < 0.001) (Figure 
27b). In addition, microbial communities in rhizosphere soils inoculated with P. penetrans 
were also separated from the control treatment along root 1 (P. penetrans vs. Control: F7, 12 = 
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17.71, P = 0.001 and P. penetrans × P. croceum vs. Control: F7, 12 = 18.90, P < 0.001) (Figure 
27b). 
Correlation of the PLFAs with the extracted axes indicated significant effects of all 
predominant fatty acids in the discrimination of microbial communities along root 2 (Table 
8). Correspondingly, the highest amount of PLFAs was extracted from soils from the singular 
P. croceum treatment, whereas the lowest amounts of PLFAs i15:0, 16:1w5, 18:2ω6, 18:1ω9t 
and 18:0-10 meth were extracted from rhizosphere soils of the control treatment (Table 9). 
Meanwhile along root 2, P. penetrans evidently (eigenvalue = 22.62) altered the PLFA 
profiles of soils compared to the other treatments during SF (P. penetrans vs. Control: F7, 12 = 
17.71, P = 0.001; P. penetrans vs. P. croceum: F6, 13 = 133.60, P < 0.001 and P. penetrans vs. 
P. penetrans × P. croceum: F 6, 13 = 8.61, P = 0.007). In contrast to root 1, only 16:1ω7 and 
18:1ω9c showed significant correlation (negative) with root 2 (Table 8) indicating that these 
two PLFAs contributed to the second discriminant function. Consistently, the lowest amounts 
of 16:1ω7 and 18:1ω9c were extracted from soils of the singular P. penetrans treatment 
(Table 9). 
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Table 9 Effects of the plant-parasitic nematode Pratylenchus penetrans and the ectomycorrhizal fungus Piloderma croceum on amounts of individual 
phospholipid fatty acids (PLFAs)(in nmol/g DW± s.d.) of the rhizosphere of Quercus robur microcuttings. Presented are oak growth stages root flush and 
shoot flush. Values in a row followed by the same letter are not significantly different (Tukey’s HSD test, P < 0.05). Pp: Pratylenchus penetrans, Pc: 
Piloderma croceum, PpPc: co-inoculation with Pratylenchus penetrans and Piloderma croceum  
 
    Root Flush   Shoot Flush 
Fatty acid Organism Control  P. penetrans P. croceum PpPc   Control  P. penetrans P. croceum Pp Pc 
           
i14:0 Gram-positive bacteria 0.49 ± 0.08b 0.47 ± 0.04b 0.59 ± 0.05a 0.51 ± 0.12ab 
 
0.47 ± 0.01b 0.38 ± 0.25b 0.60 ± 0.10a 0.40 ± 0.08b 
i15:0 
 
6.02 ± 0.83 6.42 ± 3.88 6.66 ± 0.82 6.30 ± 0.80 
 
4.32 ± 0.69b 4.32 ± 0.37b 7.48 ± 1.04a 4.48 ± 0.82b 
a15:0 
 
4.29 ± 0.50b 3.88 ± 0.72b 5.92 ± 0.87a 5.22 ± 0.98a 
 
3.21 ± 0.49b 2.88 ± 0.22b 5.73 ± 0.43a 3.73 ± 0.89b 
i16:0 
 
6.62 ± 0.91b 5.13 ± 1.55c 8.07 ± 0.95a 7.19 ± 1.10ab 
 
4.30 ± 0.33b 4.00 ± 0.48b 7.38 ± 1.25a 4.59 ± 0.67b 
i17:0 
 
1.33 ± 0.28ab 1.10 ± 0.29b 1.58 ± 0.18a 1.28 ±0.18b 
 
0.84 ± 0.21b 0.88 ± 0.02b 1.54 ± 0.18a 0.99 ± 0.18b 
a17:0 
 
1.62 ± 0.35bc 1.54 ± 0.42c 2.21 ± 0.71a 2.11 ± 0.32ab 
 
1.13 ± 0.32b 0.97 ± 0.12b 2.51 ± 0.37a 1.24 ± 0.14b 
16:0-10 Meth Actinobacteria 7.95 ± 1.15b 7.77 ± 0.81b 9.40 ± 1.10a 8.32 ± 1.00ab 
 
4.43 ± 0.45b 4.93 ± 0.38b 10.55 ± 0.60a 5.71 ± 1.35b 
17:0-10 Meth 
 
1.93 ± 0.41ab 1.70 ± 0.50b 2.19 ± 0.31a 1.90 ± 0.28ab 
 
1.21 ± 0.30b 1.14 ± 0.20b 2.28 ± 0.44a 1.35 ± 0.37b 
18:0-10 Meth 
 
1.87 ± 0.38a 1.87 ± 0.15a 2.20 ± 0.29a 1.86 ± 0.29a 
 
1.08 ± 0.19b 1.14 ± 0.13b 2.23 ± 0.45a 1.24 ± 0.26b 
cy 17:0 Gram-negative 4.00 ± 1.00a 3.39 ± 1.70a 3.80 ± 0.55a 3.73 ± 1.26a 
 
2.90 ± 0.41c 2.94 ± 0.59c 6.01 ± 0.80a 4.32 ± 0.65b 
cy 19:0  
 
6.41 ± 1.34b 7.12 ± 1.82b 11.41 ± 2.16a 10.00 ± 2.88a 
 
5.23 ± 2.09b 4.16 ± 1.01b 10.69 ± 1.75a 5.88 ± 2.16b 
16:1ω7c Bacteria in general 3.63 ± 0.42a 3.19 ± 1.29a 4.02 ± 0.60a 3.63 ± 0.53a 
 
3.69 ± 0.06b 2.28 ± 0.43b 5.19 ± 1.49a 3.07 ± 0.85ab 
16:1ω5c 
 
0.95 ± 0.13b 0.99 ± 0.12b 1.28 ± 0.20a 1.07 ± 0.17b 
 
0.72 ± 0.41b 0.72 ± 0.20b 1.57 ± 0.33a 0.83 ± 0.23b 
18:1ω9t 
 
6.49 ± 1.13b 5.34 ± 2.00b 10.48 ± 1.33a 10.84 ± 0.67a 
 
2.76 ± 0.35c 4.03 ± 1.00c 9.39 ± 0.84a 6.33 ± 1.10b 
 
18:2ω6c 
Fungi 0.90 ± 0.32b 0.67 ± 0.12b 2.67 ± 1.49a 1.94 ± 0.66a 
 
0.59 ± 0.02c 0.94 ± 0.03b 2.22 ± 0.28a 0.75 ± 0.26bc 
18:1ω9c 
 
2.51 ± 0.24b 2.90 ± 0.41b 4.02 ± 0.85a 4.19 ± 0.58a 
 
2.29± 0.21c 1.81 ± 0.13c 4.25 ± 0.48a 3.29 ± 0.81b 
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3.2 Interrelationships between plant-parasitic nematodes and 
beneficial rhizosphere microorganisms 
 
 
 
 
 
 
 
 
 
 
 
Schematic illustration of the rhizosphere interactions between the mycorrhizal oak microcutting and 
the plant-parasitic nematodes as well as the mycorrhizal helper bacteria (courtesy of M. Tarkka) 
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3.2.1 Effect of Pratylenchus penetrans and Streptomyces sp. AcH 505 
on plant growth parameters 
MANOVA revealed that sampling time had a strong effect (whole model: F3, 67 = 17.96, 
P < 0.001) on the oak microcuttings growth parameters, i.e. the total plant biomass, 
shoot and root biomass, as well as root: shoot ratio (Figure 28 and 29). At the first 
sampling, the total plant biomass ranged between 0.26 ± 0.06 and 0.33 ± 0.08 during bud 
rest stage (hereinafter BR) and 0.20 ± 0.07 - 0.31 ± 0.07 during root flush stage 
(hereinafter RF) (Figure 28). The growth stage of the oak microcuttings (F1, 40 = 4.44, P 
= 0.041) and interaction with P. penetrans (F1, 40 = 4.92, P = 0.032) increased plant 
biomass during BR in comparison to than RF (Figure 28). In contrast, the mycorrhizal the 
helper bacterial Streptomyces sp. AcH 505 had no effect on the plant biomass at the first 
sampling. 
 
Figure 28 Effects of the plant-parasitic nematode Pratylenchus penetrans and the mycorrhizal helper 
bacteria Streptomyces sp. AcH 505 on growth of Quercus robur microcuttings. Presented are the biomass 
data (in g dry weight ± s.d.) of root and shoot compartments and root/shoot ratios (R/S) of the biomass of 
microcuttings during bud rest and root flush growth stages at 7 (first sampling) weeks after the 
establishment of the microcosms, data with the same letters are not significantly different according to 
Tukey’s HSD test at P < 0.05. N: nematodes, HB: Streptomyces sp. AcH 505 
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At the second sampling the total plant biomass ranged between 0.32 ± 0.08 - 0.43 ± 0.09 
and 0.33 ± 0.14 - 0.58 ± 0.06 during BR and RF, respectively (Figure 29) Streptomyces 
sp. AcH 505 enhanced total plant (F1, 29 = 6.45, P = 0.0167) and shoots biomass (F1, 29 = 
6.00, P = 0.021) of oak microcuttings at stage BR in comparison to control soil (by 35%) 
and inoculated with P. penetrans (by 55%)(Figure 29). The growth stage of oak 
microcuttings had a significant effect on the root biomass (F1, 29 = 6.70, P = 0.015) during 
RF the microcuttings had significantly higher root biomass compared to plants during BR 
(Figure 29). In contrast, the plant-parasitic nematode reduced the root biomass (F1, 29 = 6.00, 
P = 0.021) by 33 and 48% compared to control and Streptomyces sp. AcH 505 inoculated 
soil, respectively during RF (Figure 29). 
 
 
Figure 29 Effects of plant-parasitic nematode Pratylenchus penetrans and the mycorrhizal helper 
bacteria Streptomyces sp. AcH 505 on the growth of Quercus robur microcuttings. Presented are the 
biomass data (in g dry weight ± s.d.) of root and shoot compartments and root/shoot ratios (R/S) of 
the biomass of microcuttings during bud rest and root flush growth stages at 9 (second sampling) 
weeks after the establishment of the microcosms, data with the same letters are not significantly 
different according to Tukey’s HSD test at P < 0.05. N: nematodes, HB: Streptomyces sp. AcH 505 
72 
 
3.2.2 Interactions between Pratylenchus penetrans and Streptomyces 
sp. AcH505 
 
The population density of P. penetrans individuals retrieved from the soil at both 
sampling times was not affected by the presence of Streptomyces sp. AcH 505 (Table 
10). Instead, sampling time (F1, 32 = 4.97, P = 0.028) and growth stage (F1, 32 = 2.05, P = 
0.049) of the oak microcuttings affected the number of nematodes, with more P. 
penetrans being extracted from the soil at the second sampling (28 days after inoculation 
(DAI)) compared to the first sampling (14 DAI) (Table 10). 
 
Table 10 Biotic interactions in the rhizosphere of Quercus robur microcuttings: effect of the 
mycorrhizal helper bacteria Streptomyces sp. AcH 505 on Pratylenchus penetrans (individuals g-1 soil 
fresh weight ± s.d.) and effect of P. penetrans on the relative abundance (in terms of delta Ct values) 
of Streptomyces sp. AcH 505. Presented are oak stages bud rest (BR) and root flush (RF) at 7 (first 
sampling) and 9 (second sampling) weeks after establishment of the microcosms. For each sampling 
time, applying to both growth stages ANOVA with *for P < 0.05. N: nematodes (Pratylenchus 
penetrans), HB: mycorrhizal helper bacteria (Streptomyces sp. AcH 505) and S: oak growth stage 
 
     
  
First 
Sampling  
Second 
Sampling 
     
 
Nematode numbers g-1 soil  
   
 Stage BR 
N 4.94 ± 2.21  5.08 ± 1.56 
N × HB 3.52 ± 1.85  6.00 ± 2.61 
     
Stage RF 
N 3.51 ± 0.90  4.83 ± 1.95 
N × HB 2.7 ± 0.37  3.45 ± 0.80 
 
ANOVA S*  S* 
     
 
Abundance of Streptomyces sp. ΔCt 
   
 Stage BR 
HB 1.07 ± 2.09  5.47 ± 1.63 
N × HB 1.12 ± 0.77  3.98 ± 1.58 
     
Stage RF 
HB 3.28 ± 1.92  3.21 ± 1.59 
N × HB 0.68 ± 0.40  3.99 ± 1.02 
 
ANOVA N*, S×N*  S*, S×N* 
      
 
The sampling time (F1, 64 = 49.67, P < 0.001) affected the abundance of Streptomyces sp. 
AcH505, higher abundances of the mycorrhizal helper bacteria were detected in rhizosphere soils 
of the oak microcuttings during the second sampling (25 DAI) in comparison to the first 
sampling (39 DAI) (Table 10). Inoculation of P. penetrans reduced the abundance of 
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Streptomyces sp. AcH505. At first sampling, this negative impact (F1, 32 = 5.54, P = 0.025) 
was depending on the growth stage of the microcuttings (F1, 32 = 6.00, P = 0.020) with a 
decline during RF compared BR (Table 10). At second sampling the growth stage of the 
plants (F1, 32 = 4.92, P = 0.034) and its interaction with P. penetrans (F1, 32 = 5.01, P = 
0.032) resulted in lower abundances of Streptomyces sp. AcH 505 in soils of oak 
microcuttings during BR compared to RF (Table 10). 
3.2.3 Effect of P. penetrans and Streptomyces sp. AcH 505 on the 
rhizosphere microbial biomass and dominant groups 
The microbial biomass in the rhizosphere soil of oak microcosms ranged between 14.6-51.9 
and 10.1-46.0 nmol g-1 DW at the first and second sampling, respectively (Table 11). 
Irrespective of sampling time, P. penetrans reduced the amount of PLFAs during RF but 
increased it during BR relative to the control (Table 11). Meanwhile, Streptomyces sp. AcH 
505 lowered (F1, 40 = 4.63, P = 0.037) the microbial biomass particularly during growth 
stage B at the first sampling; however, it had no impact at second sampling (Table 11). 
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Table 11 Effects of plant-parasitic nematode Pratylenchus penetrans and the mycorrhizal helper bacteria Streptomyces sp. AcH 505 on the amount of 
actinobacteria, Gram+ and Gram- bacteria, fungi and total amounts of phospholipid fatty acids (amount in nmol g-1± s.d.), and the fungi/bacteria ratio in 
the rhizosphere soil of Quercus robur microcuttings. Presented are data during bud rest and root flush of oak developmental stages at 7 (first sampling) 
and 9 (second sampling) weeks after the establishment of the microcosms. For each sampling time, ANOVA with *, ** and *** for P < 0.05, P < 0.01 
and P < 0.001, respectively. Values in a row followed by the same letter are not significantly different (Tukey’s HSD test, P < 0.05). N: nematodes, HB: 
helper bacteria and S: oak growth stage  
Bud Rest Root Flush 
    
Control 
Pratylenchus 
penetrans 
(N) 
Streptomyces 
sp. AcH 505 
(HB) N × HB Control 
Pratylenchus 
penetrans 
(N) 
Streptomyces 
sp. AcH 505 
(HB) N × HB ANOVA 
First Sampling 
Actinobacteria 2.0 ± 1.6a 7.0 ± 5.8a 2.1 ± 2.5ab 4.2 ± 3.4ab 4.6 ± 2.5ab 3.6 ± 3.1ab 1.4 ± 1.3b 1.7 ± 1.9b HB*, S × N* 
Gram+ 4.0 ± 3.2ab 11.6 ± 9.1a 3.9 ± 3.9b 8.1 ± 6.0ab 8.2 ± 4.0ab 6.4 ± 4.9ab 3.3 ± 2.7b 3.5 ± 3.7b HB*, S × N* 
Gram- 1.5 ± 0.8 5.3 ± 4.4 3.1 ± 5.0 6.2 ± 6.3 5.0 ± 3.6 3.4 ± 3.6 1.5 ± 0.8 1.8 ± 1.4  S × N* 
Fungi 0.8 ± 0.6b 4.2 ± 4.6a 1.1 ± 0.9ab 2.5 ± 3.0ab 1.5 ± 0.9ab 1.5 ± 1.1ab 0.6 ± 0.2b 1.1 ± 1.2b N* 
F/B 0.09 ± 0.03 0.13 ± 0.06 0.14 ± 0.10 0.10 ± 0.06 0.06 ± 0.01 0.12 ± 0.08 0.09 ± 0.04 0.17 ± 0.16 
Total amount of 
PLFAs 15.8 ± 11.4a 51.9 ± 42.5a 18.5 ± 21.0a 36.4 ± 30.4a 36.7 ± 19.0a 27.8 ± 22.3a 12.5 ± 8.3a 14.6 ± 14.0a HB*, S × N* 
Second Sampling 
Actinobacteria 1.0 ± 0.5b 5.8 ± 2.8ab 3.6 ± 3.7ab 5.8 ± 1.6a 4.4 ± 3.0ab 2.7 ± 2.3ab 2.9 ± 2.2ab 2.3 ± 1.8ab  S × N** 
Gram+ 2.3 ± 0.7b 10.7 ± 4.8ab 7.8 ± 7.5ab 10.6 ± 3.1a 7.2 ± 5.1ab 5.2 ± 4.8ab 6.7 ± 5.3ab 4.3 ± 3.5ab  S × N** 
Gram- 1.1 ± 0.4b 5.2 ± 3.6ab 5.2 ± 5.6ab 7.0 ± 3.9a 5.0 ± 3.4ab 2.7 ± 2.6ab 3.7 ± 1.7ab 2.0 ± 1.2ab  S × N** 
Fungi 0.7 ± 0.1a 2.4 ± 1.4a 2.3 ± 3.2a 2.8 ± 1.3a 1.7 ± 3.4a 1.3 ± 0.9a 5.0 ± 6.1a 1.4 ± 0.8a  S × N* 
F/B 0.13 ± 0.06ab 0.09 ± 0.02ab 0.10 ± 0.04ab 0.10 ± 0.02ab 0.07 ± 0.02b 0.10 ± 0.03ab 0.22 ± 0.20a 0.14 ± 0.03ab  HB*, S × HB* 
Total amount of 
PLFAs 10.1 ± 1.2a 43.1 ± 21.6a 34.6 ± 33.5a 46.0 ± 16.2a 33.9 ± 22.3a 21.1 ± 17.4a 34.5 ± 27.9a 18.4 ± 13.6a  S × N** 
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At first sampling, irrespective of plant growth stage Streptomyces sp. AcH 505 reduced the 
amount of actinobacteria ( F1, 40 = 5.65, P = 0.022) and Gram-positive bacteria ( F1, 40 = 
4.34, P = 0.044) in soil (Table 11). In contrast, the presence of P. penetrans, particularly 
during BR stage, enhanced the amount of actinobacteria (F1, 40 = 4.73, P = 0.036), Gram-
positive bacteria (F1, 40 = 4.94, P = 0.032) and Gram-negative bacteria (F1, 40 = 4.39, P = 
0.043) compared to RF (Table 11). In addition, P. penetrans enhanced the amount of 
fungi in the soil (F1, 40 = 4.37, P = 0.043), this was more pronounced relative to the 
control during BR of the microcuttings (Table 11). Neither oak growth stage nor P. 
penetrans and Streptomyces sp. AcH505 had any effect on the fungal to bacterial ratio.  
Similarly, at the second sampling time the interaction between P. penetrans and the growth 
stage of the plants resulted in an increase in the amounts of all dominant groups during BR 
relative to the control (actinobacteria: F1, 29 = 10.11, P = 0.004; Gram-positive bacteria: F1, 
29 = 8.09, P = 0.008; Gram-negative bacteria: F1, 29 = 7.87, P = 0.009 and fungi: F1, 29 = 
5.19, P = 0.030) during RF (Table 12). Contrastingly, the impact of Streptomyces sp. AcH 
505 was restricted to an enhanced fungal to bacterial ratio in the soil (F1, 29 = 4.88, P = 
0.035) independently and in interaction with the growth stage of the oaks (F1, 29 = 8.46, P 
= 0.007) (Table 11). 
3.2.4 Effect of Pratylenchus penetrans and Streptomyces sp. AcH 505 
on rhizosphere microbial community structure 
At first sampling MANOVA revealed that both P. penetrans (F17, 24= 2.23, P = 0.035) and 
Streptomyces sp. AcH 505 (F14, 27= 2.11, P = 0.046) prompted significant changes in the 
predominant fatty acids in the rhizosphere of oak. P. penetrans modified the lipid profiles in 
the rhizosphere of oak compared to the control during BR, shifts were accompanied by 
increases in the amounts of PLFAs i14:0, i15:0 and i16:0, 16:0-10 meth, 17:0 10-meth, 18:0-
10 meth, 18:2ω6,9 and 18:1ω9c (Table 12). 
In contrast, the microbial community structure of soils inoculated with Streptomyces sp. AcH 
505 distinctly differed from the control during RF, at first sampling (Table 12). Soils 
inoculated with the mycorrhizal helper bacteria had significantly lower amounts of PLFAs 
i15:0, i16:0, 16:0-10 meth, 17:0 10-meth, 18:0-10 meth, 18:2ω6,9 and 18:1ω9c ( Table 12).  
At second sampling time, MANOVA showed that the interaction between P. penetrans and 
the growth stage of the oaks (F12, 18 = 2.80, P = 0.037) was primarily responsible for the shifts 
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in the microbial community structures. The lipid profiles of soils inoculated with P. penetrans 
distinctly shifted from the control during BR (Table 13). These shifts were attributed to 
increases in the amounts of PLFAs i15:0, a15:0, 16:0, i17:0, 16:1ω7, 16:0 10-meth, 17:0 10-
meth, 18:0 10-meth, cy17:0 and cy19:0 in P. penetrans solely and co-inoculation with 
Streptomyces sp. AcH 505 treated soils compared to control (Table 13). 
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Table 12 Phospholipid fatty acids (PLFAs)(in nmol/g DW± s.d.) patterns in rhizosphere soil of Quercus robur microcuttings inoculated with the plant-
parasitic nematode Pratylenchus penetrans and the mycorrhizal helper bacteria Streptomyces sp. AcH 505. Presented are data during bud rest and root 
flush developmental stages of oaks at 7 weeks (first sampling) after the establishment of the microcosms. ANOVA with *, ** and *** for P < 0.05, P < 
0.01 and P < 0.001, respectively. For each oak growth stage values in a row followed by the same letter are not significantly different (Duncan test, P < 
0.05). N: nematodes, HB: helper bacteria and S: oak growth stage. G+: Gram-positive bacteria, G-: Gram-negative bacteria, A: Actinobacteria, B: Bacteria 
in general and F: Fungi (modified from Caravaca et al., 2015) 
Bud rest Root flush 
Fatty Acids 
Control 
P. penetrans 
Streptomyces
sp. N x HB Control 
P. penetrans 
Streptomyces
sp. N × HB 
Origin (N) (HB) (N) (HB)
i14:0 G+ 0.00 ± 0.00b 0.2 1± 0.26a 0.03 ± 0.10b 0.08 ± 0.16ab 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 
i15:0 0.94 ± 0.83b 3.02 ± 2.46a 1.01 ± 1.07b 2.09 ± 1.73ab 2.20 ± 1.14a 1.61 ± 1.42a 0.78 ± 0.70b 0.83 ± 0.84b 
a15:0 0.79 ± 0.59a 2.39 ± 1.97a 0.82 ± 0.76a 1.71 ± 1.33a 1.55 ± 0.65a 1.13 ± 0.80a 0.78 ± 0.51a 0.79 ± 0.72a 
i16:0 1.66 ± 1.39b 4.47 ± 3.15a 1.44 ± 1.45b 2.96 ± 2.01ab 3.29 ± 1.77a 2.64 ± 2.14ab 1.12 ± 1.13b 1.25 ± 1.50b 
i17:0 0.17 ± 0.21a 0.63 ± 0.65a 0.20 ± 0.27a 0.50 ± 0.38a 0.51 ± 0.25a 0.40 ± 0.33a 0.19 ± 0.15a 0.19 ± 0.23a 
a17:0 0.46 ± 0.25a 0.86 ± 0.68a 0.43 ± 0.32a 0.77 ± 0.48a 0.69 ± 0.24a 0.58 ± 0.27a 0.43 ± 0.23a 0.42 ± 0.37a 
cy 17:0 G- 0.55 ± 0.41a 2.04 ± 1.95a 1.58 ± 2.94a 2.00 ± 2.04a 2.78 ± 2.33a 1.72 ± 2.07a 0.60 ± 0.27a 0.69 ± 0.47a 
cy 19:0 0.93 ± 0.46a 3.22 ± 2.49a 1.56 ± 2.09a 4.17 ± 4.46a 2.26 ± 1.31a 1.65 ± 1.54a 0.92 ± 0.69a 1.06 ± 0.94a 
16:0 10-meth A 1.34 ± 1.05b 4.67 ± 3.86a 1.48 ± 1.74b 2.89 ± 2.38ab 3.07 ± 1.69a 2.41 ± 2.03ab 0.94 ± 0.81b 1.12 ± 1.17b 
17:0 10-meth 0.34 ± 0.28b 1.17 ± 0.94a 0.34 ± 0.42b 0.68 ± 0.54ab 0.78 ± 0.45a 0.62 ± 0.53ab 0.23 ± 0.23b 0.25 ± 0.33a 
18:0 10-meth 0.32 ± 0.25b 1.18 ± 0.98a 0.27 ± 0.40b 0.66 ± 0.53ab 0.75 ± 0.39a 0.56 ± 0.49a 0.24 ± 0.23a 0.28 ±0 .36b 
16:1 ω7 0.55 ± 0.62a 1.96 ± 1.74a 0.79 ± 0.88a 1.22 ± 1.14a 1.35 ± 0.80a 1.10 ± 1.02ab 0.38 ± 0.29b 0.45 ± 0.42b 
16:1ω5 0.00 ± 0.00a 0.45 ± 0.58a 0.07 ± 0.20a 0.25 ± 0.36a 0.17 ± 0.28a 0.20 ± 0.27a 0.00 ± 0.00a 0.00 ± 0.00a 
18:1ω9t 1.64 ± 1.73a 5.31 ± 4.91a 1.68 ± 2.41a 3.11 ± 3.11a 4.86 ± 3.08a 2.74 ± 2.68a 1.26 ± 0.83a 1.42 ± 1.62a 
18:2ω6,9 F 0.12 ± 0.21b 0.86 ± 0.93a 0.16 ± 0.21b 0.70 ± 1.23a 0.16 ± 0.30ab 0.27 ± 0.36ab 0.04 ± 0.07b 0.27 ± 0.34a 
18:1ω9c 0.72 ± 0.39b 3.32 ± 3.67a 0.91 ± 0.69b 1.79 ± 1.82ab 1.29 ± 0.66a 1.26 ± 0.82ab 0.57 ± 0.19b 0.82 ± 0.87ab 
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Table 13 Phospholipid fatty acids (PLFAs)(in nmol/g DW± s.d.) patterns in rhizosphere soil of Quercus robur microcuttings inoculated with the plant-
parasitic nematode Pratylenchus penetrans and the mycorrhizal helper bacteria Streptomyces sp. AcH 505. Presented are data during bud rest and root 
flush developmental stages of oaks at 9 weeks (second sampling) after the establishment of the microcosms. ANOVA with *, ** and *** for P < 0.05, P < 
0.01 and P < 0.001, respectively. For each oak growth stage values in a row followed by the same letter are not significantly different (Duncan test, P< 
0.05) N: nematodes, HB: helper bacteria and S: oak growth stage. G+: Gram-positive bacteria, G-: G ram-negative bacteria, A: Actinobacteria, B: Bacteria 
in general and F: Fungi (modified from Caravaca et al., 2015) 
Bud Rest Root Flush 
Control 
P. penetrans Streptomyces sp. 
N × HB Control 
P. penetrans Streptomyces sp. 
N × HB 
Fatty acid Origin (N) (HB) (N) (HB)
i14:0 G+ 0.00 ± 0.00a 0.06 ± 0.14a 0.09 ± 0.16a 0.07 ± 0.12a 0.11 ± 0.13a 0.05 ± 0.11a 0.00 ± 0.00a 0.00 ± 0.00a 
i15:0 0.59 ± 0.21b 2.60 ± 1.25a 2.10 ± 2.12ab 2.82 ± 1.04a 2.22 ± 1.57a 1.37 ± 1.18a 1.77 ± 1.59a 1.12 ± 0.96a 
a15:0 0.54 ± 0.14b 2.10 ± 1.16a 1.45 ± 1.32ab 1.82 ± 0.66ab 1.34 ± 0.84a 1.04 ± 0.73a 1.35 ± 1.03a 0.85 ± 0.66a 
i16:0 0.74 ± 0.25b 4.40 ± 1.77a 2.91 ± 2.85ab 4.30 ± 0.97a 2.29 ± 2.56a 1.95 ± 2.14a 2.52 ± 2.02a 1.62 ± 1.47a 
i17:0 0.13 ± 0.05b 0.67 ± 0.31a 0.50 ± 0.47ab 0.68 ± 0.19a 0.55 ± 0.37a 0.23 ± 0.35a 0.39 ±0 .31a 0.27 ± 0.21a 
a17:0 0.33 ± 0.06a 0.89 ± 0.38a 0.76 ± 0.61a 0.88 ± 0.28a 0.73 ± 0.34a 0.51 ± 0.28a 0.64 ± 0.36a 0.42 ± 0.18a 
cy 17:0 G- 0.51 ± 0.26b 2.40 ± 1.76a 1.46 ± 1.18ab 2.48 ± 1.29a 1.23 ± 0.67a 0.92 ± 0.47a 1.19 ± 0.09a 0.68 ± 0.36a 
cy 19:0 0.59 ± 0.20b 2.77 ± 1.84a 3.70 ± 4.39ab 4.51 ± 2.98a 3.73 ± 2.80a 1.81 ± 2.19a 2.49 ± 1.80a 1.29 ± 0.86a 
16:0 10-meth A 0.71 ± 0.30b 3.86 ± 1.92a 2.20 ± 2.24ab 3.90 ± 1.07a 2.97 ± 2.00a 1.81 ± 1.56a 1.91 ± 1.22a 1.53 ± 1.16a 
17:0 10-meth 0.14 ± 0.07b 0.99 ± 0.46a 0.66 ± 0.63ab 0.97 ± 0.25a 0.75 ± 0.50a 0.44 ± 0.40a 0.46 ± 0.32a 0.39 ± 0.32a 
18:0 10-meth 0.12 ± 0.10b 0.91 ± 0.43a 0.70 ± 0.67ab 0.91 ± 0.27a 0.72 ± 0.47a 0.41 ± 0.34a 0.58 ± 0.47a 0.38 ± 0.28a 
16:1ω7 B 0.35 ± 0.11b 1.64 ± 0.99a 1.15 ± 1.10ab 1.63 ± 0.60a 1.22 ± 0.82a 0.77 ± 0.53a 0.98 ± 0.78a 0.69 ± 0.60a 
16:1ω5 0.03 ± 0.06a 0.32 ± 0.32a 0.31 ± 0.35a 0.37 ± 0.22a 0.30 ± 0.33a 0.10 ± 0.18a 0.19 ± 0.07a 0.19 ± 0.27a 
18:1ω9t 1.02 ± 0.16a 3.61 ± 1.94a 3.02 ± 3.06a 3.46 ± 1.26a 2.05 ± 1.10a 1.83 ± 1.05a 3.06 ± 2.17a 1.62 ± 1.24a 
18:2ω6,9 F 0.13 ± 0.03b 0.51 ± 0.31ab 0.42 ± 0.52ab 0.66 ± 0.28a 0.32 ± 0.37a 0.28 ± 0.21a 1.10 ± 1.28a 0.13 ± 0.18a 
18:1ω9c 0.55 ± 0.12b 1.93 ± 1.11a 1.86 ± 2.67ab 2.10 ± 1.07a 1.33 ± 1.18a 0.99 ± 0.75a 3.94 ± 1.80a 1.25 ± 1.01a 
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3.3 Rhizosphere carbon dynamics modulated by plant-
parasitic nematodes and fungivorous Collembola  
 
 
 
 
 
Image of Collembola foraging on algae (courtesy of T. Buse) 
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3.3.1 Effects of Pratylenchus penetrans and Protaphorura armata on oak 
growth parameters 
 
The total biomass of the oak microcuttings ranged between 0.35 ± 0.15 and 0.48 ± 0.16 g DW 
and was not influenced by the sampling time (Figure 30). Neither singular inoculation of P. 
penetrans nor P. armata had any effect on the plant biomass. The interaction between P. 
penetrans and P. armata marginally reduced total plant (F1, 28  = 4.44, P = 0.044) and shoot 
biomass (F1, 28 = 4.20, P = 0.049) compared to singular P. penetrans or P. armata at 5 days 
post-labelling (DPL) plants with 13CO2 (Figure 30). 
 
 
 
Figure 30 Effects of the plant-parasitic nematode Pratylenchus penetrans and the Collembola 
Protaphorura armata on growth of Quercus robur microcuttings. Presented are the biomass data (in g 
dry weight ± s.d.) of root and shoot compartments at 2, 5 and 20 days post labelling (DPL). N: 
nematodes; C: Collembola. Bars with the same letter are not significantly different Tukey test at P < 
0.05  
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3.3.2 Effect of Protaphorura armata on abundance and activity of P. 
penetrans 
 
The number of nematode individuals detected in oak root increased over time (F2, 42= 8.82, P 
< 0.001) (Figure 31). The presence of P. armata enhanced the number of nematodes in root 
tissue (F1, 47 = 13.30, P < 0.001), demonstrated by a 100% increase compared to singular P. 
penetrans treatment during the third sampling (20 DPL). On the other hand, the numbers of 
nematodes extracted from the rhizosphere soil declined significantly by >50% in the presence 
of P. armata (F1, 40 = 22.92, P < 0.001) regardless of sampling time (Figure 31). 
 
 
 
Figure 31 Numbers of Pratylenchus penetrans (ind. g-1 DW) in the microcosm soil or inside the roots 
of oak microcuttings. Mesocosms were inoculated with the nematode Pratylenchus penetrans solely 
or in combination with the Protaphorura armata (P. penetrans × P. armata). Presented are data of the 
first (2 DPL), second (5 DPL) and third (20 DPL) sampling times of the oak microcuttings. Data with 
the same or no letters are not significantly different according to Tukey’s HSD test at P < 0.05. DPL: 
days post labelling 
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3.3.4 Effect of P. penetrans and Protaphorura armata on the rhizosphere 
microbial biomass and dominant groups 
 
The total amount of soil PLFAs ranged between 46.5 - 65.5 nmol g-1 DW (Table 14) and 
showed no significant variation with time. Irrespective of sampling time or treatment, bacteria 
dominated the rhizosphere microbial community accounting for 64- 72 % of the total 
biomass, while fungal biomass was relatively low with 7-18 %. Consequently, the fungal to 
bacterial ratios were low, with values < 0.16 and showed minor variations due to treatments 
or sampling time. The effects of the plant-parasitic nematode P. penetrans and the fungal 
grazer P. croceum on the rhizosphere microbial biomass increased with time, and distinctions 
between the treatments became more apparent at 20 DPL, where the presence of the P. 
armata increased the total microbial biomass (F1, 27 = 5.35, P = 0.029) (Table 14). 
P. penetrans and P. armata differentially affected the bacterial community at 20 DPL. P. 
armata increased the bacterial biomass (F1, 27 = 5.57; P = 0.026), whereas its interaction with 
P. penetrans promoted the abundance of Gram-positive bacteria in the rhizosphere soil 
compared to sole inoculation with P. penetrans (F1, 27 = 7.74, P = 0.001). P. penetrans 
contrastingly lowered the bacterial biomass (F1, 27 = 4.61; P = 0.041), particularly of Gram-
negative taxa (and F1, 27= 7.40, P = 0.011) (Table 14). 
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Table 14 Effects of the plant-parasitic nematode Pratylenchus penetrans and the fungivorous 
Collembola Protaphorura armata on the occurrence of Gram-positive and Gram-negative bacteria, 
and fungi (phospholipid fatty acids in nmol g-1 DW soil ± s.d.) in the rhizosphere of Quercus robur 
microcuttings. Presented are data of the first (2 DPL), second (5 DPL) and third (20 DPL) sampling 
times of oak microcuttings. Data with the same or no letters are not significantly different according to 
Tukey’s HSD test at P < 0.05. DPL - days post labelling. N: nematodes, C: Collembola, Gram+/Gram: 
Gram-positve to Gram-negative bacteria ratio, f/b: fungal to bacterial ratio 
 
 
    
 
Control P. penetrans P. armata N  × C 
2 DPL     
Gram +  16.7 ± 5.5 17.0 ± 5.4 18.6 ± 4.1 19.3  ± 4.3 
Gram -  10.1 ± 6.8 11.0 ± 5.4 10.3 ± 3.8 9.7 ± 4.5 
Fungi  3.9 ± 2.4 4.1 ± 3.2 4.3 ± 2.5 5.8 ± 1.4 
Bacteria (total)  37.3 ± 16.8 38.9 ± 14.9 38. 3 ±7.9 41.7 ± 9.7 
f/b  0.10 ± 0.05 0.10 ± 0.05 0.11 ± 0.05 0.14 ± 0.04 
Gram+/Gram-  2.14 ± 1.2 1.69 ± 0.55 2.06 ± 1.0 2.35 ± 1.0 
Total PLFA amount  57.8 ± 26.9 60.5 ± 24.9 60.7 ± 14. 6 65.3 ± 13.3 
5 DPL 
    Gram +  16.2 ± 4.9 13.8 ± 3.7 16.0 ± 4.4 16.8 ± 2.8 
Gram -  11.9 ± 7.4 8.2 ± 1.7 7.4 ± 2.2 8.9 ± 2.1 
Fungi  3.8 ± 1.9 4.3 ± 1.7 5.2 ± 2.3 4.0 ± 2.1 
Bacteria (total)  39.1 ± 17.0 31.1 ± 6.2 31.9 ± 7.4 34.4 ± 6.3 
f/b  0.11 ± 0.08 0.14 ± 0.05 0.16 ± 0.07 0.12 ± 0.06 
Gram+/Gram-  1.62 ± 0.7 1.76 ± 0.7 2.28 ± 0.8 1.95 ± 0.3 
Total PLFA amount  60.8 ± 23.1 49.6 ± 9.4 51.6 ± 11.6 54.5 ± 9.5 
20 DPL 
    Gram +  15.4 ± 3.7ab 13.0 ± 3.9b 19.2 ± 5.0a 17.0 ± 4.3ab 
Gram -  12.8 ± 2.2ab 8.7 ± 4.6b 13.7 ± 3.1a 11.4 ± 2.5ab 
Fungi  3.6 ± 2.5 3.0 ± 1.5 3.6 ± 1.4 3.9 ± 1.6 
Bacteria (total)  37.8 ± 10.0ab 27.3 ± 12.4b 44.3 ± 10.3a 38.6 ± 8.6ab 
f/b  0.10 ± 0.08 0.10 ± 0.05 0.10 ± 0.09 0.10 ± 0.03 
Gram+/Gram-  1.24 ± 0.3 1.64 ± 0.5 1.43 ± 0.3 1.49 ± 0.2 
Total PLFA amount  57.5 ± 14.2ab 46.5 ± 17.1b 65.6± 13.1a 59.8± 13.1ab 
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3.3.5 Effect of Pratylenchus penetrans and Protaphorura armata on 
rhizosphere microbial community structure 
 
The microbial community structure as indicated by the soil PLFA patterns strongly differed 
with sampling time, presence of P. armata and their interaction (MANOVA: F15, 67 = 107.75, 
P < 0.001; sampling times: F30, 134 = 4.65, P < 0.001, P. armata: F15, 67 = 2.39, P = 0.008, 
sampling date × P. armata: F30, 134 = 1.61, P = 0. 036). At individual sampling times the 
microbial community structure was mainly affected by the presence of P. penetrans at 2 DPL 
(F 15, 12 = 3.06, P = 0.029) while the impact of P. armata was most pronounced at 20 DPL 
(F15, 13 = 4.02, P = 0.008). Treatment effects on the amount of individual PLFAs were not 
significant at the first two sampling times (2 and 5 DPL) (Table A5 and A6) but became 
evident at the third sampling time at 20 DPL (Table 15). 
 
Table 15 Effects of the nematode Pratylenchus penetrans and the Collembola Protaphorura armata 
on the amounts of individual phospholipid fatty acids (in nmol g-1 DW soil ± s.d.) in the rhizosphere of 
Quercus robur microcuttings. Presented are data of third (20 DPL) sampling time of oak 
microcuttings. ANOVA with *, ** and *** for P < 0.05, P < 0.01 and P < 0.001, respectively. Values 
in a row followed by the same letter are not significantly different (Tukey’s HSD test, P < 0.05). N: 
nematodes, C: Collembola. DPL - days post labelling 
 
       
  
Control P.penetrans  P. armata  N × C ANOVA 
       Fatty acid Organism 
     i15:0 Gram-positive 
bacteria 
5.0 ± 1.1 ab 3.9 ± 1.6 b 6.6 ± 1.9 a 5.90 ± 1.41ab C** 
a15:0 
 
2.88 ± 0.94ab 1.96 ± 0.72b 3.53 ± 1.11a 2.95 ± 0.77ab N*, C* 
i16:0 
 
5.02 ± 1.10ab 4.27 ± 1.36b 6.06 ± 1.19a 5.79 ± 1.36ab C** 
i17:0 
 
1.42 ± 0.35ab 1.05 ± 0.61b 1.76 ± 0.54a 1.56 ± 0.48ab C* 
a17:0 
 
1.03 ± 0.59 0.76 ± 0.52 1.28 ± 0.64 0.94 ± 0.66 
 
       cy17:0 Gram-negative 
bacteria 
7.02  ± 2.34ab 4.08 ± 2.65b 7.61 ± 2.02a 6.12 ± 1.38ab N** 
cy19:0 
 
5.82 ± 1.39 3.98 ± 2.12 6.04 ± 1.54 5.30 ± 1.39 N* 
       16:1ω7c Bacteria in general 4.22 ± 0.90 3.10 ± 1.92 5.13 ± 2.06 5.01 ± 1.30 C* 
18:1ω7c 
 
5.35 ± 2.50 4.23 ± 2.12 6.28 ± 2.37 5.14 ± 1.34 
 
18:1ω9c Fungi 2.01 ± 0.75 1.76 ± 1.00 2.85 ± 1.13 2.97 ± 1.14 C* 
18:2ω6c 
 
1.54 ± 1.79 0.85 ± 0.98 0.76 ± 0.52 0.97 ± 0.74 
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A corresponding stepwise DFA of the predominant PLFAs showed significant differences 
among the soil microbial communities at 20 DPL (Figure 32; whole model: F24, 58 = 2.75, P < 
0.008). Only the first discriminant function was significant (P < 0.001) and accounted for 
78% of the variance. There was a separation (eigenvalue: 3.4) of microbial communities in 
soils inoculated with P. croceum from those without (P. armata vs. Control: F8, 20 = 5.54, P < 
0.001; P. armata vs. P. penetrans: F8, 20 = 6.07, P < 0.001; P. penetrans × P. armata vs. 
Control: F8, 20  = 4.07, P = 0.005 and P. penetrans × P. armata vs. P. penetrans: F8, 20 = 3.37, P 
= 0.013) (Figure 32). Correlation of the PLFAs with the extracted axis indicated the relevance 
of PLFAs i15:0, a15:0, i16:0, i17:0, cy17:0, 16:1ω7 and 18:1ω9c (Table 16) in the 
discrimination of rhizosphere microbial communities along root 1. Correspondingly, 
significantly higher amounts of these PLFAs were extracted from soils inoculated with P. 
armata compared to singular inoculation with P. penetrans at 20 DPL (Table 15).  
 
 
 
Figure 32 Discriminant plot for the first and second functions of the phospholipid fatty acids 
identified in the rhizosphere of Quercus robur microcuttings inoculated with Nematodes, Collembola 
or both (groups, n = 4), at 20 days post labelling (DPL) (whole model: F24, 58= 2.75, P < 0.008)  
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Table 16 Pearson’s coefficients of correlation between concentrations of phospholipid fatty acids and 
the extracted roots of the discriminant function analyses. Presented are data at third (20 DPL) 
sampling time of oak microcuttings. The four treatments (Control, Pratylenchus penetrans, 
Protaphorura armata, and P. penetrans × P. armata) were used as groups (n = 4) in the model. 
Canonical scores for the first and second roots were used for correlation. *, **, and *** refer to P < 
0.05, 0.01, and 0.001, respectively. DPL - days post labelling 
 
 
    
   
20 DPL 
 
     Fatty acid Organism 
 
ROOT 1 ROOT 2 
     i15:0 Gram-positive bacteria 
 
0.59*** -0.35* 
a15:0 
  
0.52** -0.41* 
i16:0 
  
0.51** -0.25 
i17:0 
  
0.48** -0.36* 
a17:0 
  
0.26 -0.26 
cy17:0 Gram-negative bacteria 
 
0.37* -0.69*** 
cy19:0 
  
0.3 -0.58*** 
16:1ω7 Bacteria in general 
 
0.45* -0.24 
18:1ω7 
  
0.28 -0.34 
     
18:1ω9c Fungi 
 
0.52** -0.02 
18:2 ω6    -0.12 -0.08 
     
14:00 Miscellaneous origin 
 
0.26 -0.3 
15:00 
  
0.14 -0.34 
 
 
3.3.6 Allocation of recent photoassimilates into soil microorganisms  
 
The 13CO2 pulse labelling of oaks resulted in the enrichment of plant shoot and root tissue 
with δ13C values of 69.0 ± 61.5‰ and 75.4 ± 44.1‰, respectively. Recent photoassimilated 
carbon was incorporated into seven microbial PLFA markers, which were indicative for 
Gram-positive bacteria (i15:0, a15:0, i16:0, i17:0), Gram-negative bacteria (cy17:0), general 
bacteria (16:1ω7) and the ectomycorrhiza fungus P. croceum (18:1ω9) (Figure 33). In 
addition, plant-derived carbon was incorporated into 16:0 a major PLFA present in all 
organisms in the experiment. However, due to the indiscriminate origin of 16:0, the amount of 
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incorporation of plant carbon is given for the specific microbial markers, as assessed by the 
relative abundance (%) of 
13
C excess (µmol 13C g-1 soil dry weight) in individual soil PLFAs. 
 
 
Figure 33 Relative abundance (%) of 13C excess (µmol13C g-1 soil dry weight) in individual PLFAs in 
the rhizosphere of Quercus robur microcuttings inoculated with Pratylenchus penetrans and the 
Collembola Protaphorura armata sampled at 2, 5 and 20 days post 13CO2 labelling of plants. For 
each harvest date, ANOVA with *, ** and *** for P< 0.05, P< 0.01 and P< 0.001, respectively. DP: 
days post labelling, N: nematodes, C: Collembola 
 
In general, plant-derived carbon was largely incorporated into bacteria with amounts ranging 
between 80-92% of the total 13C allocated in PLFAs across treatments (Figure 33). Gram-
positive bacteria markers with methyl branching (iso/anteiso) assimilated most of the plant 
carbon. Two-way ANOVA revealed that the impact of the soil fauna on microbial carbon 
allocation pattern (i.e. the number of marker PLFAs significantly affected) decreased 
progressively from 2 to 20 DPL (Figure 33). 
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At 2 DPL, P. penetrans enhanced assimilation of plant-derived carbon by Gram-positive 
bacteria and bacteria in general (i16:0: F1, 10 = 7.27, P = 0.023; i17:0: F1, 10 = 13.00, P = 0.005 
and 16:1ω7: F1, 10 = 24.65, P < 0.001), while reducing assimilation by Gram-negative bacteria 
(cy17:0: F1, 10 = 9.61, P = 0.011) (Figure 33). Similarly, P. armata stimulated incorporation of 
plant-derived carbon into Gram-positive bacteria (a15: F1, 10 = 6.46, P = 0.029), while less 
carbon was assimilated by P. croceum (18:1ω9c: F1, 10 = 14.58, P = 0.003). However, this 
effect was less obvious if P. penetrans was also present (F1, 10 = 17.92, P = 0.002). 
At 5 DPL, P. penetrans continued to enhance assimilation of plant carbon by bacteria in 
general (16:1ω7: F1, 12 = 8.39 P = 0.013) but reduced assimilation by Gram-positive taxa 
(i16:0: F1, 12 = 18.81, P = 0.001) (Figure 33). Contrariwise, P. armata enhanced incorporation 
of 13C into Gram-positive bacteria (a15: F1, 12 = 10.14, P = 0.008 and i16:0: F1, 12 = 5.19, P = 
0.042), whereas 13C allocation by Gram-negative bacteria declined (cy17:0:  F1, 12 = 8.03, P = 
0.015). 
Contrary to the trend observed at the first two sampling times, at 20 DPL P. penetrans 
lowered incorporation of recently photoassimilated carbon into Gram-positive bacteria (i15:0: 
F1, 11 = 13.24, P = 0.004), whereas with presence of P. armata 
13C assimilation by Gram-
positive bacteria (i15:0: F1, 11 = 8.63, P = 0.0135 and i17:0: F1, 11 = 7.22, P = 0.0212) 
increased, while that of bacteria in general (16:1ω7: F1, 11 = 6.45, P = 0.028) decreased 
(Figure 33). 
 
3.3.7 Collembola feeding behaviour 
 
The accumulation of body fat in Collembola was negatively affected by the presence of 
nematodes, although not statistically significant. The amount of TLFAs ranged between 288 
and 407 nmol g-1 DW when only P. armata was present in the microcosms, whereas in 
combination with P. penetrans it only ranged between 206 and 290 nmol g-1 DW (Table 17). 
The lipid profile of Collembola consisted of six TLFAs: 16:0, 16:1ω7, 18:0, 18:1ω9c, 
18:2ω6,9 and 20:4ω6,9,12,15. The major fatty acids in P. armata were oleic (18:1ω9c) and 
linoleic (18:2ω6,9) acid contributing 42-47% and 15-19% of total fatty acids, respectively. 
The relative abundance of the individual TLFAs was similar between treatments and sampling 
dates, with the exception for 16:1ω7 which decreased with time (F2, 37 = 13.85, P < 0.001). 
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Table 17 Total lipid fatty acids (TLFAs in nmol g-1 DW ± s.d.) and relative abundance of individual 
Collembola fatty acids in the soil of oak microcosms inoculated with Protaphorura armata solely (C) 
or in combination with the nematode Pratylenchus penetrans (N + C) after 13CO2 labelling of oaks. 
Presented are data of the first (2 DPL), second (5 DPL) and third (20 DPL) sampling times of oak 
microcuttings. Data with the same or no letters are not significantly different according to Tukey’s 
HSD test at P < 0.05. DPL – days post labelling 
 
 
 
Recently photoassimilated carbon from oak microcuttings was incorporated into all dominant 
Collembola TLFAs, and this did not differ significantly between sampling times (Figure 34). 
Plant-derived carbon was mainly incorporated into 18:1ω9c and 18:2ω6,9 with 42-57 % and 
7-19 % of the total 13C excess, respectively, indicating ingestion of fungal tissue by 
Collembola. Three-way ANOVA showed that the incorporation of 13C into 18:2ω6,9 lessened 
(F2, 16 = 9.55, P = 0.0019) over time with detection only at the first two sampling times 
(Figure 34). In contrast, the relative abundance of 13C excess in arachidonic acid 
(20:4ω6,9,12,15) increased over the experimental period (F2, 16 = 12.51, P < 0.000), likely due 
to dispersal of the isotopically marked carbon molecules by lipid metabolism of the 
Collembola (Figure 34). 
 
 
             2 DPL      5 DPL 20DPL 
 
Collembola N + C Collembola N + C Collembola  N + C 
16:1ω7  2.8 ± 1.3ab 3.5 ± 1.9a 2.9 ±2.4ab 2.9 ± 2.4ab 0.1 ± 0.3c 0c 
16:0 18.4 ± 5.3 14.3 ± 2.9 15.3 ± 3.9 16.1 ± 3.1 19.6 ± 5.8 17.9 ± 3.1 
18:1ω9c  47.0 ± 4.6 43.8 ± 4.7 44.7 ± 5.3 45.1 ± 3.3 45.1 ± 8.2 41.6 ±4.5 
18:2ω6  15.2 ± 3.2 19.2  ± 2.8 18.6 ± 5.2 16.8 ± 3.1 16.5 ± 4.3 18.1 ± 3.9 
18:0 10.2 ± 1.8 10.6 ± 1.5 10.0 ± 1.0 10.5 ± 1.5 12.3 ± 1.0 12.0 ± 0.9 
20:4ω6,9,12,15c 6.3 ± 3.0 8.6 ± 3.0 8.5 ± 3.2 8.6 ± 1.9 6.4 ± 3.9 10.5 ± 3.6 
       Total TLFAs 
(nmol g-1 DW) 
 
407 ± 267 
 
219 ± 201 
 
373 ± 346 
 
290 ± 113 
 
288 ± 147 
 
206 ± 645 
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Figure 34 Effects of Pratylenchus penetrans on the 13C enrichment of the TLFAs of Protaphorura 
armata. Presented are the relative abundances (%) of 13C excess (µmol 13C g-1 animal DW) in 
individual fatty acids of P. armata at 2, 5 and 20 DPL 
13
CO2 labelling of plants. ANOVA with *, ** 
and *** for P < 0.05, 0.01 and 0.001, respectively. DPL – days post labelling 
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3.4 Impact of multitrophic interactions on oak growth and 
rhizosphere microbial communities 
 
 
 
 
 
 
 
 
 
 
 
 
 
Image courtesy of V. Bartel 
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3.4.1 Effect of nematode functional group amendments on nematode 
community composition 
Nematode population densities in amended soils were comparable to the control, ranging 
between 8-18 and 7-20 Ind. g-1 DW soil after four and eight weeks, respectively (Figure 35). 
One-way ANOVA showed that amendments had no effect on the nematode density at the first 
sampling time; while at the second sampling time nematode density differed significantly (F7, 
40 = 3.57, P = 0.004) with higher numbers in soils amended with BF + PF in comparison to 
the FF (Figure 35). 
 
 
 
Figure 35 Numbers of nematodes (ind. g-1soil DW± s.d.) after amendment with Acrobeloides 
buetschlii (BF), Aphelenchoides saprophilus (FF) and Pratylenchus penetrans (PF) and their 
combinations at first (a - 4 weeks) and second (b - 8 weeks) sampling. Data with the same letter are 
not significantly different according to Tukey’s HSD test, P < 0.05  
 
Irrespective of amendment, the nematode communities in the soil were primarily composed of 
bacterial feeders, fungal feeders and plant feeders (Figure 36). Across all treatments and 
sampling times, bacterial feeders were the most abundant trophic group accounting for 60-
90%, while fungal and plant feeders accounted for 3-26 % and 7-35 % respectively, of the 
nematode populations (Figure 36). 
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Figure 36 Effect of nematode trophic group amendments on the nematode trophic structure 
(proportion in % ± s.d.). Soil was amended with Acrobeloides buetschlii (BF), Aphelenchoides 
saprophilus (FF), and Pratylenchus penetrans (PF) and their combinations. Data presented for 4 (first 
sampling) and 8 (second sampling) weeks post inoculation 
 
At first sampling, one-way ANOVA revealed the amendments significantly altered the 
abundance of bacterial feeders (F7, 16 = 247.7, P < 0.001), fungal feeders (F7,16 = 406.5, P < 
0.001) and plant feeders (F7,16 = 372.7, P < 0.001), changing the nematode community 
structure relative to the control. Dunnett’s test showed that amending the soil with FF and PF 
resulted in increased the density of fungal and plant feeders relative to the control.  
The treatment effect on the relative abundance of nematode functional groups in the soil 
remained detectable over time with significant enhancement in the proportion of bacterial 
feeders (F7, 16 = 147.2, P < 0.001), fungal feeders (F7, 16 = 142.1, P < 0.001) and plant feeders 
(F7, 16 = 136.7, P < 0.001) at the second sampling. Comparably, inoculation with FF and PF 
enhanced the density of their respective functional groups while BF did not change abundance 
of bacterial feeders relative to the control (Figure 36).  
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3.4.2 Effects of the nematode trophic structure on microbial biomass  
 
The microbial biomass in the pot soil of oaks as assessed by the total amounts of PLFAs 
ranged between 30.6 and 39.0 nmol g-1 DW (Table 18). Two-way ANOVA revealed that the 
total microbial biomass decreased over time (sampling time × treatment: F7, 76 =16.5, P < 
0.001), with a significant treatment effect on biomass (F7, 37= 16.21, P < 0.001 and F7, 39 = 
83.9, P < 0.001 at first and second sampling, respectively). Generally, increasing the density 
of two or more nematode functional groups had a stimulatory effect at both samplings. The 
application of FF + PF and BF + FF + PF at the first sampling enhanced microbial biomass, 
whilst FF at the second sampling suppressed total microbial biomass relative to the control 
(Table 18). 
At the first sampling, increasing the dominance of specific nematode trophic groups 
significantly impacted on the occurrence of microbial groups. Gram-positive (F7, 37 = 39.5, P 
< 0.001) and Gram-negative bacteria (F7, 37 = 52.2, P < 0.001) increased in soils amended 
with BF + FF, FF + PF and BF + FF + PF in comparison to the control, whereas BF + PF 
reduced the biomass of Gram-positive bacteria (Table 18). In addition the amendments 
affected the occurrence of Actinobacteria (F7, 37 = 6.1, P < 0.001) and bacteria in general F7, 37 
= 6.4, P < 0.001). 
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Table 18 Effects of increasing relative abundance of nematode trophic groups in soil on the amounts of Gram+, Gram-, General bacteria, 
Actinobacteria, Fungi and total PLFAs, (nmol g-1 ± s.d.), and the fungi/bacteria ratio in the rhizosphere of Quercus robur seedlings. Presented are 
data at first (4 weeks) and second (eight weeks) sampling times after application of amendments i.e. C: control; BF: Acrobeloides buetschlii; FF: 
Aphelenchoides saprophilus and PF: Pratylenchus penetrans. Values in a row with the same letters are not significantly different (Tukey’s HSD test, 
P< 0.05) 
 
 
           
 
C BF FF PF BF+FF BF+PF FF+PF BF+FF+PF ANOVA 
1st Sampling 
        
F7,37 P 
Gram + 8.57 ± 0.21cd 8.67 ± 0.11bcd 8.47 ± 0.37d 8.67 ± 0.19bcd 9.08 ± 0.37ab 7.07 ± 0.22e 9.28 ± 0.36a 9.02 ± 0.04abc 39.53 0.000 
Gram - 3.41 ± 0.12cd 3.34 ± 0.03cd 3.27 ± 0.03d 3.48 ± 0.12c 3.69 ± 0.06b 3.26 ± 0.04d 3.95 ± 0.12a 3.80 ± 0.04ab 52.17 0.000 
Bacteria 6.78 ± 0.63ab 6.73 ± 0.10ab 6.28 ± 0.04bc 6.49 ± 0.49abc 6.71 ± 0.10ab 6.06 ± 0.32bc 7.07 ± 0.08a 6.96 ± 0.02a 6.40 0.000 
Actinobacteria 4.43 ± 0.31abc 4.32 ± 0.08bc 4.26 ±0.05bc 4.40 ± 0.36abc 4.70 ± 0.08ab 4.19 ± 0.38c 4.79 ± 0.18a 4.84 ± 0.08a 6.11 0.000 
Fungi 3.91 ± 0.59 3.67 ± 0.45 3.69 ± 0.37 3.91 ± 0.59 4.05 ± 0.19 3.91± 0.49 4.20 ± 0.13 4.34 ± 0.06 n.s n.s 
Sum 36.06 ± 2.04cd 35.74 ± 0.46cd 34.90 ± 0.70de 36.49 ±1.52bcd 37.72 ± 1.27abc 32.71 ± 1.49de 39.00 ± 0.64a 38.86 ± 0.64ab 16.21 0.000 
F/B ratio 0.17 ± 0.02 0.16 ± 0.02 0.17 ± 0.01 0.17 ± 0.02 0.17 ± 0.01 0.19 ± 0.02 0.17 ± 0.01 0.18 ± 0.00 n.s n.s 
2nd Sampling 
        
F7, 39 P 
Gram + 7.91 ± 0.07c 7.55 ± 0.22d 7.15 ± 0.16e 8.17 ± 0.18bc 8.33 ± 0.22b 8.84 ± 0.11a 8.29 ± 0.05b 8.73 ± 0.04a 83.00 0.000 
Gram - 3.29 ± 0.05d 3.34 ± 0.02d 3.08 ± 0.04e 3.52 ± 0.04c 3.70 ± 0.07b 3.72 ± 0.08b 3.56 ± 0.03c 4.01 ± 0.05a 178.90 0.000 
Bacteria 5.89 ± 0.05c 5.54 ± 0.08d 5.13 ± 0.12e 5.62 ± 0.08d 6.28 ± 0.12b 5.99 ± 0.14c 6.34 ± 0.05 b 6.94 ± 0.10a 190.20 0.000 
Actinobacteria 4.19 ± 0.05e 4.29 ± 0.06de 3.81 ± 0.08f 4.26 ± 0.07e 4.50 ± 0.04b 4.45 ± 0.05bc 4.38 ± 0.06 cd 4.82 ± 0.07a 132.20 0.000 
Fungi 3.55 ± 0.13d 3.81 ± 0.07c 3.14 ± 0.09e 3.79 ± 0.07c 4.02 ± 0.07b 4.13 ± 0.08b 5.03 ± 0.11a 4.19 ± 0.07b 227.66 0.000 
Sum 33.36 ± 0.81d 33.70 ± 0.77d 30.59 ± 0.51e 34.00± 0.25d 35.40 ± 0.77c 36.25 ± 0.69bc 36.83 ± 0.40b 38.05 ± 0.43a 83.90 0.000 
F/B ratio 0.167 ± 0.01e 0.184 ± 0.00b 0.164 ± 0.00e 0.176 ± 0.00cd 0.176 ± 0.00bcd 0.179 ±0.00bc 0.223 ± 0.01a 0.171 ± 0.00de 120.83 0.000 
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At the second sampling, combination treatments, i.e. BF+ FF, BF + PF, FF + PF and BF + FF 
+ PF generally enhanced the growth of Gram-positive bacteria (F7, 39 = 83.0, P < 0.001), 
Gram-negative bacteria (F7, 39 = 178.9, P < 0.001), Actinobacteria (F7, 39 = 132.2, P < 0.001) 
and fungi (F7, 39 = 227.7, P < 0.001) relative to the control (Table 18). In addition, with time, 
sole PF amendment stimulated growth of Gram-negative bacteria and fungi. In contrast, 
singular treatments of BF and FF both reduced the biomass of Gram-positive and general 
bacteria and FF that of Gram-negative and Actinobacteria as well as fungi.  
 
3.4.3 Effects of the nematode amendment on microbial community 
structure 
 
Multivariate analysis of PLFA profiles revealed that manipulation of the density of nematode 
trophic groups provoked significant changes in the predominant fatty acids in the soil at both 
sampling times (first: F126, 142 = 4.85, P < 0.001; second: F126, 155 = 23.89, P < 0.001). 
Discriminant function of analyses of the PLFAs patterns indicated large differences among 
the microbial communities at the first sampling (whole model: F112, 151 = 5.70, P < 0.00; 
Figure 37). The first two discriminant functions were both significant (root 1: P < 0.001; root 
2: P < 0. 001), and explained 84.9% of the total variance. The first discriminant function 
clearly separated (eigenvalue: 30.3) microbial communities in soils amended with BF + FF, 
FF + PF, BF + FF+ PF predominantly from the single trophic group treatments along root 1. 
Correlation of the PLFAs with the extracted axes indicated significant effects of PLFAs i15:0, 
a15:0, i16:0, 16:1w5, 16:1ω7, 16:0 10-meth, i17:0, a17:0, cy17:0, cy19:0, 18:1ω9c, 18:2ω6,9, 
16:0 and 18:0 in the discrimination of microbial communities in soils amended with the 
different nematode functional groups (Table 20). Correspondingly, the highest levels of the 
respective PLFAs were in soils amended with BF + FF, FF + PF, BF + FF+ PF at the first 
sampling time (Table A7). 
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Figure 37 Discriminant function analysis (DFA) of the phospholipid fatty acid pattern (PLFA in nmol 
g-1 DW soil) with bacterial, fungal and plant feeders and their combinations as groups (n=8) and 
individual PLFAs as variables (n = 18). Analysed were soils at 4 weeks after inoculation with C - no 
nematodes, BF – the bacterial feeder Acrobeloides buetschlii, FF – the fungal feeder Aphelenchoides 
saprophilus, and PF – the plant feeder Pratylenchus penetrans 
 
Discrimination along root 2 resulted in a clear distinction (eigenvalue: 21.3) of BF + PF from 
the other treatments, and in addition microbial communities of soils inoculated with BF were 
also distinguished from FF along root 2. Bacterial PLFAs (i15:0, a15:0, i17:0, 16:0-10 meth) 
and non-specific PLFAs (14:0, 15:0, 16:0) were significantly correlated with root 2, thereby 
contributed considerably to this separation. Correspondingly, with the least amounts of these 
PLFAs were in BF + PF at the first sampling (Table A7). 
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Table 19 Pearson’s coefficients of correlation between concentrations of phospholipid fatty acids and 
the extracted roots of the discriminant function analyses. Presented are data of the first (4 weeks) and 
second sampling of oak amended with Acrobeloides buetschlii, Aphelenchoides saprophilus and 
Pratylenchus penetrans and their combinations as groups (n=8) in the model. Canonical scores for the 
first and second roots were used for correlation. *, **, and *** refer to P <0.05, 0.01, and 0.001, 
respectively. DPL - days post labelling. G+: Gram-positive bacteria, G-: Gram-negative bacteria, A: 
Actinobacteria, B: Bacteria in general, F: Fungi 
 
 
1st Sampling 
 
2nd Sampling 
 
Root 1 Root 2 
 
Root 1 Root 2 
i15:0 (G+) -0.540*** -0.806*** 
 
0.865*** 0.014 
a15:0 (G+) -0.519*** -0.804*** 
 
0.779*** 0.189 
i16:0 (G+) -0.607*** -0.275 
 
0.756*** -0.120 
i17:0 (G+) -0.407** -0.343* 
 
0.643*** -0.165 
a17:0 (G+) -0.462** -0.282 
 
0.902*** 0.187 
cy17:0 (G-) -0.935*** -0.176 
 
0.902*** 0.163 
cy19:0 (G-) -0.736*** -0.092 
 
0.806*** -0.066 
16:1ω7 (B) -0.430** -0.442 
 
0.914*** 0.237 
16:1ω5 (B) -0.238 -0.531 
 
0.871*** -0.141 
18:1ω9t (B) -0.454** -0.155 
 
0.793*** -0.271 
16:0 10-meth (A) -0.589*** -0.308* 
 
0.874*** -0.042 
18:0 10- meth (A) -0.590*** 0.097 
 
0.805*** 0.033 
18:2ω6,9 (F) -0.224 0.183 
 
0.486** -0.822*** 
18:1 ω9c (F) -0.4186** 0.072 
 
0.864*** -0.371* 
14:0 -0.225 -0.408** 
 
0.389 0.240 
15:0 0.145 -0.561*** 
 
0.349 0.355* 
16:0 -0.645*** -0.416** 
 
0.364 -0.457** 
18:0 -0.496** 0.117 
 
0.000 -0.334* 
 
 
At the second sampling time, the discriminant analysis of the PLFA profiles clearly 
distinguished microbial communities of soils treated with more than one nematode group 
from the control and singular amendments (whole model: F112, 164 = 27.95, P < 0.001; Figure 
38). The first two discriminant functions significantly accounted for 77.2 % of the variation in 
the data (root 1: P < 0.001; root 2: P < 0. 001). The microbial communities in soils of the 
different treatments distinctly separated from each other along root 1 (eigenvalue: 131.2). 
Microbial communities in soils amended with singular BF and FF greatly differed from the 
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combination amendment treatments, also BF + FF+ PF showed dissimilarity to the other 
combination treatments along root 1 (Figure 38). 
 
 
 
Figure 38 Discriminant function analysis (DFA) of the phospholipid fatty acid pattern (PLFA in nmol 
g-1 DW soil) with bacterial, fungal and plant feeders and their combinations as groups (n=8) and 
individual PLFAs as variables (n = 18). Analysed were soils at 8 weeks after inoculation with C - no 
nematodes, BF – the bacterial feeder Acrobeloides buetschlii, FF – the fungal feeder Aphelenchoides 
saprophilus, and PF – the plant feeder Pratylenchus penetrans 
 
PLFAs i15:0, a15:0, i16:0, 16:1ω5, 16:1ω7, 16:0 10-meth, i17:0, a17:0, cy17:0, cy19:0, 
18:1ω9c, 18:2ω6,9, 14:0, 16:0 and 18:0 showed significant positive correlation with root 1 
(Table 19), thereby all contributed to the first discriminant function. Correspondingly, 
significantly higher amounts of these PLFAs were extracted in soils amended with BF + FF, 
BF + PF, FF + PF and BF + FF + PF compared to the control (Table A8). Meanwhile, the 
second discriminant function largely separated microbial communities in soils amended with 
BF and FF + PF along root 2 (eigen value: 41.6) (Figure 38). Correlation of the PLFAs with 
the extracted axis showed that fungal PLFAs and the saturated forms 16:0 and 18:0 were 
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largely responsible for the discrimination (Table 19). In support, at the second sampling FF + 
PF had significantly higher amounts of fungal PLFAs compared to the other treatments, while 
BF had higher amounts of 18:0 (Table A8). 
 
3.4.4 Effects of the nematode amendment on plant performance 
The effect of the nematode amendments on the plant performance became apparent over time. 
No differences in the performance of the oak seedlings (shoot and root weights, root/shoot 
ratio; Table 5) were observable among treatments at first sampling time. In contrast, at the 
second sampling time altering the relative abundance of each trophic group of nematodes had 
an impact on the root/shoot ratio of the oak seedlings (F7, 40 = 25.14, P < 0.001) demonstrated 
by an increased in response to amendment with BF + FF + PF, and a decline in response to PF 
and FF + PF (Table 20). 
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Table 20 Effects of increasing relative abundance of trophic groups of soil nematodes on the root length (cm ± s.d), root and shoot biomass (g ± s.d. 
DW) and the root/shoot ratio ± s.d.in the rhizosphere of Quercus robur seedlings. Presented is data at first (4 weeks) and second (eight weeks) sampling 
times after application of amendments. C - no nematodes, BF – the bacterial feeder Acrobeloides buetschlii, FF – the fungal feeder Aphelenchoides 
saprophilus, and PF – the plant feeder Pratylenchus penetrans. ANOVA with *, **, and *** at P <0.05, 0.01, and 0.001, respectively. Values in a row 
with the same letters are not significantly different (Tukey’s HSD test, P < 0.05) 
C BF FF PF BF+FF BF+PF FF+PF BF+FF+PF ANOVA 
1st Sampling 
Root length [cm] 38.75 ± 8.07 42.83 ± 21.50 37.50 ± 13.81 37.50 ± 10.10 37.17 ± 15.01 38.33 ± 13.66 35.67 ± 11.57 45.67 ± 10.63 
Root biomass [g] 3.80 ± 0.74 3.13 ± 1.39 3.15 ± 0.66 3.21 ± 0.67 3.18 ± 0.65 3.19 ± 0.87 3.82 ± 1.05 3.93 ± 0.87 
Shoot biomass [g] 2.62 ± 0.55 2.43 ± 0.46 2.65 ± 0.34 2.58 ± 0.29 2.89 ± 0.69 2.54 ± 0.8 2.56 ± 0.29 2.67 ± 0.61 
root / shoot ratio 1.50 ± 0.36 1.29 ± 0.59 1.21 ± 0.30 1.28 ± 0.37 1.15 ± 0.36 1.27 ± 0.17 1.51 ± 0.43 1.52 ± 0.47 
2nd Sampling 
Root length [cm] 39.00 ± 10.22 30.33 ± 9.95 35.33 ± 13.69 41.67 ± 9.35 46.50 ± 5.75 35.50 ± 12.88 35.00 ± 11.51 43.83 ± 9.41 
Root biomass [g] 6.67 ± 0.72 5.83 ± 1.33 5.54 ± 0.89 4.66 ± 1.048 6.33 ± 2.11 5.78 ± 0.67 4.82 ± 0.60 6.82 ± 2.71 
Shoot biomass [g] 3.00 ± 0.81 3.24 ± 0.58 3.15 ± 0.42 3.04 ± 0.48 3.11 ± 0.71 3.00 ± 0.60 3.24 ± 0.52 2.85 ± 0.47 
root / shoot ratio 2.36 ± 0.19ab 1.91 ± 0.14c 1.79 ± 0.26cd 1.54 ± 0.12d 2.06 ± 0.11bc 1.95 ± 0.20c 1.52 ± 0.09d 2.39 ± 0.08a *** 
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CHAPTER FOUR: DISCUSSION 
 
4.1 The genetic, nutrient allocation and growth responses of oaks 
to plant-parasitic nematodes 
 
This study investigated the transcriptomic and physiological responses of pedunculate oak to 
infection with the plant-parasitic nematode P. penetrans. It further addressed how these 
responses were impacted by the endogenous rhythmic growth pattern of oak, and the 
presence of the ectomycorrhizal fungus P. croceum, taking into account carbon and nutrient 
allocation and fitness of the plant. 
 
4.1.1 Response to the plant-parasitic nematode Pratylenchus penetrans 
 
Ten days after inoculation, the systemic response of oak microcuttings to P. penetrans 
showed that transcriptional reprogramming occurred in sink and source leaves. Migratory 
plant-parasitic nematodes cause physical damage to root tissues and employ a suite of 
effectors to facilitate mobility within root tissues triggering systemic host response (Kyndt et 
al., 2012, 2014). Till now most research has focused on annual agricultural crops, reporting 
that plants generally respond to nematode infection by differential regulation of genes 
involved in signal transductions, hormonal signalling, stress and defence, cell wall alterations 
and nutrient allocation (Li et al., 2008; Escobar et al., 2011). This study showed that P. 
penetrans induced a comparable response in pedunculate oak, a perennial tree. 
P. penetrans as a belowground pathogen systemically activated oak defence such as 
elicitation of signalling by induction of reactive oxygen species (ROS) production in the leaf 
tissue microcuttings. Upregulation of ROS has previously been reported in roots of A. 
thaliana upon infection with the nematodes Heterodera glycines and Meliodogyne incognita 
(Waetzig et al., 1999; Melillo et al., 2006). ROS play a signalling role mediating plant 
defence genes activation over long distances following pathogen infection leading to priming 
of different plant tissues (Miller et al., 2009, Levine et al., 1994; Torres et al., 2006). 
Consistent with increased ROS homeostasis, elicitation of host defence was assigned by 
induction of transmembrane receptor-like kinases (RLKs), receptor-like proteins (RLPs), and 
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proteins containing the LRR kinase class. Previous studies reported that the Mi-1 gene which 
contains an LRR region confers resistance to root-knot nematodes in tomato plants (Milligan 
et al., 1998; Vos et al., 1998). 
Hormonal signalling pathways were activated in response to P. penetrans, particularly 
induction of genes related to the biosynthesis of salicylic acid, jasmonic acid and ethylene. 
These plant hormones are known to regulate induced systemic defence against pathogens 
(Delaney et al., 1994; Pieterse et al., 2012) and their induction has been shown for migratory 
endoparasitic nematodes in rice (Nahar et al., 2012; Kyndt et al., 2014). Proteins involved in 
biosynthesis of brassinosteroids and flavonoids as well as in the shikimate pathway were 
upregulated, which are important players in pathogen-triggered immunity (Maeda and 
Dudareva, 2012; Albrecht et al., 2012) and also alter the motility and hatching of nematodes 
(Wuyts et al., 2006). The distinct and diverse changes in metabolic profiles of leaf tissues in 
the present study point to a priming effect of aboveground tissues of oak, which can enhance 
systemic resistance against insect leaf herbivores as reported previously (Wurst and van der 
Putten, 2007; Wondafrash et al., 2013).  
On the other hand, transcripts encoding enzymes involved in synthesis of signalling 
molecules such as probable CDP-diacylglycerol-inositol 3 phosphatidyltransferase 2 and 
inositol 1,3,4-trisphosphate 5/6-kinase family proteins, which play a key role in immune 
response signalling and mediate plant defence responses to herbivory (Jones and Dangl, 
2006; Gillaspy, 2010; Mosblech et al., 2011) were repressed. This is likely due to secretion of 
immune-modulatory effectors by Pratylenchus spp. as strategy to hijack host-signalling 
pathways in aide of parasitism (Quentin et al., 2013; Bellafiore and Briggs, 2010; Jones and 
Fuso-Nyarko, 2014). In addition, transcripts encoding pectin methylesterase inhibitors were 
repressed in response to P. penetrans, which activate signalling cascades triggering plant 
immunity upon detection of compromised cell wall integrity (Hamman, 2012). Overall, P. 
penetrans hampered oak immune reaction, likely a strategy to support its establishment in the 
roots. 
Significantly higher relative abundances of nitrogen were detected in leaf tissues of oaks 
inoculated with P. penetrans in comparison to control plants. Nitrogen is essential for 
production of defence compounds such as alkaloids and glucosinolates (Baldwin et al., 1994; 
Chen et al., 2001), consistent with the present findings of enhanced production of secondary 
metabolites. Kohl et al., (2012) reported that nitrogen-demanding tissues are capable of 
signalling their need for nitrogen, and transcription factors such as the AP2/ethylene-
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responsive family involved in abscisic acid signalling pathway and glucosinolates metabolism 
were induced, pointing to high nitrogen demand in the oak terminal leaves. 
In addition, the nematode altered carbon metabolism in oak microcuttings, mediated by three 
predominant processes. Firstly, pathogen elicited host defence linked to the levels of sugar in 
plant cells, glucose triggers expression of resistance genes while sucrose functions as a 
signalling molecule (Hey et al., 2010; Morkunas and Ratajczak, 2014; Wind et al., 2010). 
During the infection with P. penetrans sucrose non-fermenting-1 related protein kinase a key 
metabolic regulator altering defence mechanisms against biotic and abiotic stress (Morkunas 
et al., 2011) was downregulated. Secondly, transcripts encoding for enzymes such as sucrose 
and raffinose synthases were downregulated. This points to an accumulation of fructose and 
glucose in leaf tissues of microcuttings, and is supported by the high relative abundance of 
recent photoassimilated carbon assigned by 13C labelling of oaks. Thirdly, transcriptome 
analyses indicated repressed photosynthesis a common plant response during incompatible 
pathogen interaction in order to allow induction of processes required for respiration and 
defence (Bonfig et al., 2006; Berger et al., 2007). Previous studies on plant-nematode 
interactions revealed reductions in the amount of chlorophyll in systemic tissues of rice by H. 
oryzae, photosynthesis in tomato by M. javanica and carbon fixation in coffee by 
Pratylenchus coffeae (Nahar et al., 2012; Bird, 1974, Mazzafera et al., 2004). In sum, these 
alterations in carbon source and sink metabolism induced by P. penetrans are likely to be part 
of the oak’s strategy in enhancing defence referred to as “to gain fuel for the fire” by Bolton 
(2009). 
Smith and Stitt (2007) proposed that the consumption of carbon for defence related processes 
prompts the plant to adjust growth. In contrast, the present study found that the nematode had 
no effect on total amount of plant carbon and growth pattern of the oak, suggesting a time lag 
between transcription and physiological changes. A significant correlations between the 
initial density of nematodes and the extent of damage to host plants exists (e.g. Castillo and 
Vovlas, 2007; Sato et al., 2009), therefore 2300 nematode individuals might have been too 
few to cause significant damage during the short infection period (10 days). Besides, 
although P. penetrans has a wide host range including oak (Ruehle, 1973), it is 
predominantly observed on grasses and annual crops (CABI, 2015), and oak may not be the 
plant it is best adapted to. Nevertheless, the distinct systemic response of oak microcuttings 
to P. penetrans assigns a strong host-parasite interaction, and changes in transcriptomic 
pattern likely would have been followed by changes in growth pattern given enough time. 
105 
 
 
4.1.2 Response to the ectomycorrhizal fungus Piloderma croceum  
 
The development of ectomycorrhiza symbiosis is a highly regulated process involving 
morphological and physiological changes (Le Quéré et al., 2005; Duplessis et al., 2005). 
Previous studies reported extensive reprogramming of the oak transcriptome during pre-
symbiotic development and in mature symbiotic ectomycorrhiza with P. croceum (Krüger et 
al., 2004; Frettinger et al., 2007; Tarkka et al., 2013). However, the overall response of oak 
microcuttings to P. croceum was small indicated by the low number of DECs. Transcripts 
encoding cyclic nucleotide-gated ion channel 1-like and calmodulin binding proteins were 
induced, that play a vital intracellular signalling role during the initiation of plant symbiotic 
gene reprogramming (Harrison, 2005; Martin et al., 2007) and also mediate plant defence 
response (Kang et al., 2006; Clough et al., 2000). In addition, transcripts encoding LRR 
resistance proteins were upregulated as reported in cork oak in response to an 
ectomycorrhizal fungus (Sebastiana et al., 2014). Together, these findings show that oak 
employs the same proteins to respond to pathogens and symbionts. 
On the other hand, downregulation of transcripts encoding enzymes participating in salicylic 
acid pathway and biosynthesis of jasmonic acid in response to P. croceum point to a 
repression of host defence, which is in agreement with previous studies (Durrant and Dong 
2004, Sebastiana et al., 2014; Plett et al., 2014). Furthermore, transcripts encoding proteins 
related to increased stress tolerance such as recA DNA recombination family protein were 
upregulated indicating enhanced repair of damage induced by P. croceum (Manova and 
Gruska, 2015). Together these findings correspond with Tarkka et al. (2013) who showed 
that P. croceum attenuated host defence and enhanced stress tolerance in oak microcuttings. 
Several studies showed that mycorrhization with P. croceum increases sink strength of roots, 
which is stabilized by higher photosynthetic activity (Branzanti et al., 1999; Quoreshi, 2003; 
Herrmann et al., 2004). In agreement with these findings, the 13C excess increased in P. 
croceum inoculated the oak microcuttings, pointing to enhanced photosynthetic efficiency by 
the ectomycorrhizal fungus. In addition, in a recent study Herrmann et al. (2015) showed that 
the high carbohydrate status in oak microcuttings inoculated with P. croceum is balanced by 
increased nitrogen acquisition. Comparably, the present study showed higher nitrogen 
acquisition in oak microcuttings following inoculation with P. croceum, as indicated by the 
upregulation of ammonium transporters and 15N excess signature in the plant. 
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Microbial biomass increased in the rhizosphere of oak microcuttings inoculated with P. 
croceum pointing to enhanced rhizodeposition. Ectomycorrhiza fungi modify the quality and 
chemical composition of carbon components in the rhizosphere (Johansson et al., 2004; 
Barea et al., 2005; Rineau and Garbaye, 2010) and thus induce competitive pressure on the 
inhabiting bacteria (de Boer et al., 2015). While root exudates predominantly contain labile 
low molecular weight compounds such as organic acids, sugars, and amino acids the hyphal 
exudates contain pigments, proteins, polyols, i.e. complex organic compounds that require a 
suite of extracellular enzymes for degradation (Walker et al., 2003; Read and Perez-Moreno 
2003; van Hees et al., 2006; Johansson et al., 2009). Consistent with this, the biomass of 
gram-positive bacteria and actinobacteria was favoured by P. croceum in the rhizosphere of 
oak microcuttings. These microbial groups can be classified in general as K-strategists 
according to Andrew and Harris (1986), capable of utilizing recalcitrant substrates. In sum, 
the altered conditions in the mycorrhizosphere of P. croceum fostered a specific microbial 
community, which in turn also promoted plant fitness, as indicated by the higher biomass of 
mycorrhized oak microcuttings. 
 
4.1.3 Effect of plant growth stage on biotic interactions 
 
The two major growth stages of pedunculate oak, i.e. RF and SF, coincide with predominant 
allocation of photoassimilates to belowground and aboveground compartments in the plant, 
respectively (Herrmann et al., 2015; Herrmann et al., 2016). During plant-pathogen 
interactions, the plant carbohydrate status affects the defence reaction as under limited 
resource conditions a plant is faced with a carbon and energy allocation decision, for either 
defence or growth (Steppuhn and Baldwin, 2008). In agreement, the present study showed 
that systemic response of oak to P. penetrans appears to be greatly influenced by the plant’s 
developmental stage. Defence was much stronger during SF, demonstrated by the 16-fold 
increase of differentially expressed genes as compared to RF. This finding is consistent with 
Kurth et al. (2015), who using the same oak model system reported a larger systemic 
transcriptomic response during SF to the mycorrhiza helper bacterium Streptomyces sp. AcH 
505. 
The observed weak response of oak microcuttings to P. penetrans during RF likely mirrors 
their endogenous nutrient allocation pattern. Generally, plant parasitic nematodes create a 
strong carbon and nutrient sink to roots (Kaplan et al., 2011). However, in the present study 
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the influx of nutrients into oak roots in the presence of P. penetrans was not altered, instead, 
processes related to cell generation, lipid metabolism and lignin catabolism were activated, 
with the former being vital for membrane biogenesis and the latter for mediating cytoskeleton 
rearrangements (Schmid and Ohlrogge, 2002; Wang et al., 2013). Overall, these processes 
point to repair and compensatory growth as oak´s strategy in response to P. penetrans, as 
reported in crops and grass (Bardgett et al., 1999b; Haase et al., 2007). However, enhanced 
oak growth did not take place after 10 days plant-nematode interaction. 
Meanwhile, during SF when oak endogenously allocates photoassimilates predominantly to 
aboveground tissues, the feeding by P. penetrans induced a vast and diverse pattern of 
defence mechanisms. During this growth stage, feeding activity of the nematode apparently 
led to sink competition between the roots and shoots, indicated by the reduced root to shoot 
ratio of 13C allocation in infected plants and enhanced activity of sugar transporters in 
terminal leaves. Correspondingly, during SF 40% of the plants recently photoassimilated 
carbon was allocated to terminal leaves in comparison to 2% during RF. Obviously, the 
competition between the nematode belowground and the plant aboveground carbon sinks 
upset the balance and triggered the stronger defence responses against the pathogen during 
SF. This is supported by a repression of enzymes related to carbohydrate metabolism such 
cellulose, raffinose and sucrose synthases, that point to the accumulation of sugars in terminal 
leaves to trigger the host defence responses (Koch, 1996; Bolton, 2009). Pathways activated 
were phenylpropanoid and isoprenoid producing defence metabolites as well as PR-proteins 
and callose deposition, pointing to a major flow of carbon from primary into secondary 
metabolism (Bolton 2009). These defence compounds created in one compartment, here 
terminal leaves, can be transported over long distances to, here roots (Arnold and Schultz, 
2002; Appel et al., 2012). 
In summary, the response of oaks to P. penetrans was greatly modulated by the plant growth 
stage. During RF the plant-nematode relationship was evidently quite harmonius, whereas 
during SF P. penetrans triggered a strong systemic defence response and altered primary 
metabolism including reprogramming of photosynthesis and physiological mechanisms. This 
was further reflected in altered allocation patterns of nutrients in the plants and carbon flux 
into the rhizosphere. This clearly shows that resource allocation pattern related to endogenous 
rhythmic growth determines host response to pathogens, which should be considered in 
future investigations with regards to plant-nematode interactions. 
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The study found that in contrast to the plant-nematode interaction, the interaction between the 
oak microcuttings and the mycorrhizal symbiont P. croceum was mildly affected by the 
growth stage of the plant. Previous studies report that P. croceum has a high demand for 
carbohydrates and acts as a strong sink for photoassimilates (Gibson and Deacon, 1990; 
Herrmann et al., 1998). Consistently, more carbon was allocated to roots of oaks inoculated 
with P. croceum confirming that the ectomycorrhizal fungus induced a stronger sink for 
carbon during RF. Further supporting this, transcripts encoding genes related to enhanced 
photosynthesis were upregulated consistent with reports from previous studies (Högberg et 
al., 2002; van Hees et al., 2005) and likely a mechanism to compensate for carbon demand of 
P. croceum. However, P. croceum also triggered a greater host defence response 
demonstrated by a stronger induction of transcripts encoding proteins related to enhanced 
signalling and reinforcement of cell wall integrity. This finding indicates that the carbon 
burden of the ectomycorrhizal fungus was strong enough to offset the balance, resulting in 
the plant favouring activation of defence mechanisms over growth.  
In contrast, during SF the ectomycorrhizal fungus had no effect on the carbon allocation 
patterns and a subtle induction of defence responses. Instead, there was a general 
enhancement of total amount of carbon in the plant, likely indicating cooperation between 
carbon sinks (Schultz et al., 2013). 
In summary, these findings show that the response of oaks to P. croceum mirrored the plant 
growth stage. During RF, there was an increase in the sink strength of roots which trigged a 
competition for carbon between the plants’ own needs and that of P. croceum. Ultimately, the 
oak microcuttings predominantly invested in defence during RF but in growth during SF. 
 
4.1.3 Effects of interaction of P. penetrans and P. croceum  
 
The presence of ectomycorrhizal fungus P. croceum modified the transcriptomic response to 
P. penetrans in oaks at both growth stages. Interestingly, the magnitude of genes expressed 
was vice versa, high and low during RF and SF, respectively. During RF the presence of both 
P. penetrans and P. croceum resulted in higher amounts of carbon allocated to the roots. This 
increase in root sink strength triggered enhanced pathogen perception as demonstrated by the 
enrichment in upregulated contigs of GO terms response to biotic stimulus and wax 
biosynthesis. However numerous plant defence mechanisms were also repressed indicated by 
enrichment of GO terms such as killing cells of other organisms and flavonoid, ethylene and 
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phenylpropanoid metabolism for downregulated contigs. In addition, processes related to 
primary metabolism such as glycolysis and cellular and carbohydrate metabolism were 
repressed. Overall, this gene expression pattern points to impaired host defence and pathogen 
resistance in the presence of both biotic interactors resulting in increased the susceptibility of 
microcuttings during RF which is consistent with Caravaca et al. (2015). However, plants co-
inoculated with P. penetrans and P. croceum showed a higher biomass compared to sole P. 
penetrans inoculation, likely due to the enhanced microbial biomass in those soils, which can 
have a growth stimulating effect oaks (Bonkowski et al., 2000; Zhu et al., 2014). 
During SF the very low number of DECs shows that P. croceum strongly repressed oak’s 
response to P. penetrans. This finding is consistent with Kurth et al. (2015) who reported 
similar effects for the interaction of oak with P. croceum and the mycorrhiza helper 
bacterium Streptomyces sp. AcH 505. The enrichment of GO terms for downregulated 
contigs involved in triggering hypersensitive response and accumulation of pathogenesis 
related proteins indicated a repression of oak defence responses. Similar findings of host 
defence repression by ectomycorrhizal fungi have been reported for the host trees Quercus 
suber and Populus sp. and their respective symbiotic fungi Pisolithus tinctorius and Laccaria 
bicolor (Sebastiana et al., 2014; Plett et al., 2014). The repressed host defence could be 
directly linked to the increased carbon status of oaks with a mycorrhizal symbiont and hence 
enough resources for all the biotic interaction partners. Furthermore, the microbial biomass 
and community composition was altered, resulting in stimulated plant growth in comparison 
to plants inoculated with only P. penetrans. 
Together, these findings show that during SF the presence of P. croceum improved oak stress 
tolerance to P. penetrans indicated by attenuation of host defence response, while during RF 
the susceptibility to the plant-parasitic nematode was increased. The latter is likely due to the 
fact that both the nematode and ectomycorrhiza draw their nutrients from the roots and their 
combined effects created a stronger sink particularly for carbon. 
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4.2 Interrelationships between plant-parasitic nematodes and 
beneficial rhizosphere microorganisms on oaks  
 
The present study investigated the impact of the interrelationship between the migratory 
endoparasitic nematode P. penetrans and the mycorrhizal rhizosphere helper bacteria 
Streptomyces sp. AcH 505 on the performance of mycorrhized microcuttings and rhizosphere 
microorganisms during bud rest (BR) and root flush (RF) developmental stages of oak.  
 
4.2.1 Effect of Pratylenchus penetrans and Streptomyces sp. AcH505 
on plant growth parameters 
 
Comparable to the differences between RF and SF discussed above (chapter 4.1.), the 
pronounced decline in shoot biomass during RF compared to BR showed that the response of 
oak to P. penetrans is directly linked to the differential resource allocation pattern governed 
by the plants’ endogenous rhythmic growth. Photoassimilates are primarily channelled into 
belowground tissues during RF (Herrmann et al., 1998; 2015), and the presence of plant-
parasitic nematodes imposes an additional nutrient sink (Poll et al., 2007; Kaplan et al., 
2011), thus diminishing available resources for the sustenance of aboveground tissues. The 
reduction of root biomass, largely evident during RF at second sampling, further showed that 
also the belowground negative impact of migratory endoparasitic nematodes via damage to 
cells, removal of cell contents and disruption of physiological processes (Williamson and 
Gleason, 2003; Davis et al., 2004) was modified by the oak’s developmental stage. 
The mycorrhizal helper bacteria Streptomyces sp. AcH 505 enhanced the production of shoot 
biomass during RF at the second sampling indicating growth-promoting activity (Nassar et 
al., 2003; Tarkka et al., 2008; Verma et al., 2011). This benefit, however, did not contribute 
to an improvement in plant growth in soils co-inoculated with P. penetrans nor did it 
suppress nematode population in the soil during RF. This finding contradicts reports stating 
that Streptomyces sp. prime the plant basal immune response system (Conn et al., 2008) and 
provide protection against plant-parasitic nematodes (Siddiqui and Ehteshamul-Haque, 2001; 
Ruanpanun et al., 2011). This discrepancy could be that due to an increase in susceptibility of 
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oak to P. penetrans during RF (Caravaca et al., 2015; Maboreke et al., 2016) therefore more 
nematodes entered the roots and evaded the mitigating effect of mycorrhizal helper bacteria.  
The nematode markedly repressed the population of Streptomyces sp. AcH 505 in oaks 
during RF at the first sampling and during BR at the second sampling although at a lesser 
magnitude. Two propositions can be put forward; i.e. P. penetrans may have promoted 
proliferation of antagonistic bacteria (Garbaye, 1994) or altered the effectiveness of 
mycorrhizal helper bacteria in rhizosphere colonisation, which is discussed below.  
 
4.2.2 Effect of Pratylenchus penetrans and Streptomyces sp. AcH505 on 
rhizosphere microbial community structure 
 
The feeding activity of plant-parasitic nematodes has a profound influence on microbial 
community structure attributed to the ability of nematodes to alter the quantity and quality of 
root exudations (Haase et al., 2007; Poll et al., 2007). During BR P. penetrans increased the 
microbial biomass in the rhizosphere indicating an increase in exudation, which shifted the 
rhizosphere microbial community composition in favour of Gram-positive bacteria, 
actinobacteria and fungi at first sampling and actinobacteria and Gram-negative bacteria at 
second sampling. This finding is consistent with previous reports stating that plant-parasitic 
nematodes contribute to the regulation of microbial communities (Yeates et al., 1998, Poll et 
al., 2007). 
In contrast, with presence of Streptomyces sp. AcH 505 the amount of Gram-positive 
bacteria, actinobacteria and fungi declined at first sampling. This indicates that the introduced 
helper bacteria effectively colonized the rhizosphere outcompeting native populations, and 
such competition between bacteria in the rhizosphere is a common phenomenon (Hibbing et 
al., 2010). Kurth et al. (2013) demonstrated that Streptomyces AcH 505 had a competitive 
advantage against the microbial filtrate in the soil of oak mesocosms. This has been attributed 
to their ability to utilize recalcitrant substrates as well as production of antagonistic secondary 
metabolites possessing anti-microbial activity that inhibit the growth of competitors (Chater 
et al., 2010). 
Despite the antagonistic effect of P. penetrans on the mycorrhizal helper bacteria, 
Streptomyces sp. AcH 505 counteracted the negative effect of the nematode on shoot biomass 
during RF at first sampling. Streptomyces sp. are known to produce chitinases or nitric oxide 
which have been linked to induced systemic resistance to plant-parasitic nematodes in their 
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host plants (Siddiqui and Mahmood, 1999). However, given that Streptomyces sp. AcH 505 
had no effect on the abundance of nematodes in the soil, it is likely that changes in 
rhizosphere microbial community composition rather than antibiosis were the driving 
mechanisms involved in its antagonistic activity. Such shifts in rhizosphere microbial 
community composition are necessary for soil suppressiveness promoting plant growth 
(Mazzola, 2002).  
In addition, Streptomyces increased the growth of P. croceum in oaks during RF, as indicated 
by higher amounts of specific PLFA biomarkers for the respective symbiont (18:1ω9c and 
18:2ω6,9) at second sampling. This finding corresponds with studies showing that vital 
processes related to fungal development such as germination rate, foraging behaviour, hyphal 
growth, reproduction growth and development, exudates composition and antibacterial 
metabolites production that can be heavily influenced by bacteria (Krishna et al., 1982, Barea 
et al., 2005; de Boer et al., 2005; Kesba and Al-Sayed, 2006; Franco-Correa et al., 2010). 
Similar studies showed that simultaneous presence of Streptomyces and ectomycorrhizal 
fungus P. croceum promotes the mycorrhizal growth via enhanced production of auxofuran 
and foster mycorrhizal colonization by the bacteria hence earning Streptomyces the name 
“mycorrhizal helper bacteria” (Riedlinger et al., 2006; Tarkka and Frey-Klett, 2008; Kurth et 
al., 2013). Despite, this strong evidence for positive synergism between Streptomyces and P. 
croceum this study could not demonstrate a beneficial impact on plant growth in the presence 
of nematodes. Instead, a significant reduction of the fungal PLFA 18:2ω6,9 occurred in soils 
co-inoculated with nematodes and mycorrhizal helper bacteria. Previous studies showed that 
the establishment and beneficial effects of ectomycorrhizal colonization of roots is negatively 
modulated by plant-parasitic nematodes (Brussaard et al., 2001; Villenave and Duponnois, 
2002). 
 
4.3 Rhizosphere carbon dynamics modulated by plant-parasitic 
nematodes and fungivorous Collembola 
 
The aim of this study was to investigate the changes in the allocation of carbon induced by 
soil animals i.e. the migratory endoparasitic nematode P. penetrans and the fungal grazer 
Collembola P. armata, and the carbon flow into the belowground food chain. Stable isotope 
labelling was used to trace 13C flux from plants into soil microorganisms and Collembola. 
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4.3.1 Feeding behaviour of Protaphorura armata 
 
Collembola are generally referred to as fungal feeders (Hopkin, 1997; Rusek, 1998), although 
some recent studies have suggested they are generalists (Endlweber et al., 2009, Ngosong et 
al., 2011, Fiera, 2014) while others report a pronounced niche differentiation (Chahartaghi et 
al., 2005, Potapov and Tiunov, 2016) or a preference for dead ectomycorrhizal hyphae 
(Kaneda and Kaneko, 2004). Therefore, due to a lack of consensus the present study sought 
to determine the dietary source of P. armata in the oak microcosm system. 
Some studies have reported that Collembola feed on nematodes (Gilmore and Potter, 1993; 
Hopkins, 1997), and indeed the density of nematode individuals in the soil was lower in the 
presence of P. armarta. However, the lipid profile of P. armata does not indicate nematode 
feeding, as the dominant fatty acids were oleic acid (42-47%) followed by linoleic acid (15-
19%). Both are relative markers that can be synthesised in the consumer lipid metabolism, 
but increase in abundance if resources rich in these components are fed upon, with oleic acid 
indicative for plant and linoleic acid for fungal feeding (Ruess and Chamberlain, 2010). 
However, their proportion can vary according to fungal species (Ruess et al., 2002). The fatty 
acid profile of P. croceum, the symbiotic partner of oaks in the present study, was dominated 
by 43% oleic acid. This points to fungal and/or root feeding by P. armata, and the negative 
interaction between P. armata and P. penetrans to be non-trophic. 
These results based on trophic biomarker fatty acids were further supported by their 13C 
signal after pulse labelling oaks. The highest 13C allocation in the Collembola lipid profile 
was detected in oleic acid, the most dominant fatty acid of P. croceum. This finding is 
consistent with reports by Pollierer et al. (2012) stating that recent photoassimilates enter 
fungivores via grazing on ectomycorrhizal hyphae. However, it is difficult to disentangle 
whether fungal hyphae in soil or those associated with oak roots were taken as diet. Stumpe 
et al. (2005) demonstrated that the level of fungal specific fatty acids increased in 
mycorrhized roots compared to non-mycorrhized roots. Taking into account the 13C signature 
in unlabelled and labelled samples, the average shift in δ13C was 100‰ for bulk oak tissue 
but only 3‰ for the soil PLFA 18:1ω9, whereas it was 90‰ in the Collembola TLFA 
18:1ω9. Considering dietary routing, i.e. the fact that fatty acids derived from the diet are 
directly transferred to consumer tissue without change in the isotopic signal (Ruess et al., 
2005), indicates that P. armata fed on mycorrhizae associated with roots as opposed to fungal 
hyphae in soil. 
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4.3.2 Effect of Pratylenchus penetrans and Protaphorura armata on oak 
growth  
 
In the present study neither P. penetrans nor P. armata alone did alter oak biomass 
parameters, whereas in comparison to single inoculation, their interaction lowered shoot and 
total plant biomass. This finding points to a synergistic mode of action between the 
rhizosphere fauna. Generally, nematodes reduce the habitable sites for the ectomycorrhizal 
colonization and disrupt the fungal mantle (Marks et al., 1987; Francl, 1993), while grazing 
on ectomycorrhizal fungi by Collembola reduces fungal biomass and impairs nutrient uptake 
via the fungal channel, thereby reducing tree growth (Finlay 1985; Ek et al., 1994; Johnson et 
al., 2005). However, in the present study there was an increase in biomass of the fungal 
marker (18:1ω9c) in the presence of Collembola with time. Therefore, it is unlikely that the 
decline in plant growth was a result of a negative impact on the ectomycorrhizal fungus. 
Recent studies reported that grazing of Collembola results in thinner and longer roots with 
more root tips in herbaceous plants (Endlweber and Scheu, 2006, 2007). Cohn et al. (2002) 
reported that plant-parasitic nematodes preferentially enter host roots at the root tips. Thus 
Collembola may have facilitated nematode entry to host roots, resulting in the significantly 
higher numbers of individuals in root tissues of oaks in the presence of P. armata, 
subsequently leading to a reduction in growth. 
 
4.3.3 Effects of Pratylenchus penetrans and Protaphorura armata on the 
rhizosphere microbial biomass 
 
Exudates from forest trees are estimated to represent 5-10 % of the photoassimilates of trees 
(Jones et al., 2004), and their quantity and quality significantly affect microorganisms in the 
ectomycorhizosphere (Fransson et al., 2015). P. penetrans reduced microbial biomass in 
particular that of bacteria indicating that the nematodes directly altered the quality and/or 
quantity of root exudates in oak microcuttings. The decline in Gram-negative bacteria 
biomass further indicates an alteration in the composition of root exudates, as these fast 
growing r-strategists specifically benefit from labile carbon substrates (Vandenkoornhuyse et 
al., 2007; Philippot et al., 2013; Kivlin and Hawkes, 2011). These findings are in agreement 
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with previous studies showing that the feeding activity of plant-parasitic nematodes alters the 
quantity and quality of root exudates (Haase et al., 2007; Kaplan et al., 2011). 
In contrast, P. armata enhanced total microbial biomass in the rhizosphere of oak 
microcuttings consistent with results of Bardgett and Chan (1999). Some studies suggest that 
Collembola influence microbial biomass production by triggering compensatory growth of 
the fungi on which they graze (Hanlon, 1981; Hedlund et al., 1991). It is well acknowledged 
that the outcome of this interaction is species and density dependent, with high Collembola 
densities reducing whilst low densities increasing fungal biomass (Fitter and Sanders, 1992; 
Ek et al., 1994; Setälä, 1995; Setälä et al., 1998). Moreover, although P. armata primarily fed 
on P. croceum, its grazing activity stimulated hyphal growth in the oak microcosms likely the 
fungus became resilient to feeding over time (Tlalka et al., 2007; Kanters et al., 2015). In 
addition, Collembola enhanced bacterial biomass suggesting that P. armata indirectly 
facilitated nutrient accessibility to bacteria as reported previously (Hanlon and Anderson, 
1979; Kaneda and Kaneko, 2004; Steinaker and Wilson, 2008). 
 
4.3.4 Effects of Pratylenchus penetrans and Protaphorura armata on the 
rhizosphere microbial community structure 
 
Shifts in rhizosphere microbial community structure due to feeding of plant-parasitic 
nematode or Collembola are attributed to changes in root exudation (Denton et al., 1999; 
Yeates, 1999; Bardgett and Chan, 1999; Endlweber and Scheu, 2006). Both P. penetrans and 
P. armata caused shifts in the community structure of rhizosphere microorganisms of oak 
microcuttings, however, their effects varied with time. The effect of P. penetrans was 
prominent at the first sampling, consistent with Poll et al. (2007), who reported a short-term 
impact of plant-parasitic nematodes on the community structure of rhizosphere 
microorganisms. In contrast, the effect of Collembola increased with time and at the third 
sampling the shift in microbial community structure was accompanied by an increase in 
Gram-positive bacteria, bacteria in general and the ectomycorrhizal fungus. The 
ectomycorrhizal hyphal tips fed upon by Collembola are active sites for root exudation and 
re-adsorption of compounds (Sun et al., 1999); hence grazing presumably reduced the 
acquisition of organic compounds by the fungus thereby favouring bacteria. In addition, 
grazing on ectomycorrhizal fungi increases the release of polymer degradation enzymes into 
the rhizosphere, enhancing decomposition of complex soil organic matter into more readily 
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accessible nutrients for soil microbes including bacteria thereby stimulating bacterial biomass 
growth (Crowther et al., 2011; Philipps et al., 2014). The shift to Gram-positive bacteria 
likely is due to the fact that, in contrast to root exudates that are primarily composed of 
simple sugars (Toal et al., 2000), hyphal exudates contain pigments, proteins, polyols and 
siderophores, and complex organic compounds (Read and Perez-Moreno 2003; van Hees et 
al., 2006; Johansson et al., 2009). Gram-positive bacteria were shown to be efficient at 
utilizing such complex substrates in rhizosphere (Waldrop et al., 2000; Bell et al., 2009), as 
indicated by their proliferation in the rhizosphere of microcuttings inoculated with P. armata. 
Overall, this suggests synergistic interaction between soil microorganisms and Collembola, 
where the enhanced activity of the fungus by P. armata facilitates growth of bacteria. 
 
4.3.5 Utilization of plant-derived carbon in rhizosphere organisms 
 
Stable isotope labelling of forest trees has shown that root derived C is quickly incorporated 
in high amounts into virtually all decomposer species (Pollierer et al., 2007). Ectomycorrhizal 
fungi are reported to form strong sinks for plant carbon, receiving up to 30% of the plant-
assimilated carbon (Smith and Read 2008; Jones et al., 2009; de Deyn et al., 2011). However, 
findings from this study show that bacteria acquired the most of the plant carbon (72-95% of 
the plant-assimilated carbon), as indicated by the relative abundance of 13C concentration in 
general, Gram-positive and Gram-negative bacterial marker PLFAs. This corresponds to the 
low fungal-to-bacterial ratio in the soil, thus indicating a dominance of the bacterial carbon 
and energy channel (Joergesen and Wichern, 2008). In line with this, the extraradical hyphae 
of the ectomycorrhizal fungus P. croceum in the soil sequestered less photoassimilates from 
oaks as indicated by relative abundance of 13C excess below 25%.  
Similar to effects on microbial biomass and community structure, both P. penetrans and P. 
armata significantly influenced the incorporation of root-derived carbon into rhizosphere 
microorganisms, which is consistent with previous studies (Yeates et al., 1999b; Johnson et 
al., 2005). This impact was pronounced at 2 DPL and later declined due to the loss of 13C via 
respiration. Interestingly, the effect of root feeders and fungivores was largely independent of 
each other with only a single interaction being significant, i.e. the effect of P. armata on the 
incorporation of plant carbon into the ectomycorrhizal fungus at 2 DPL was less evident 
when P. penetrans was also present.  
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The impact of P. penetrans was strongest at the first sampling date and later weakened. This 
indicates leakage of root cell content mainly at the time when nematode enters the host, 
which is in agreement with Yeates et al. (1998, 1999). However, this nematode impact on 
carbon allocation differed in major microbial groups, with incorporation being high in Gram-
positive but low in Gram-negative bacteria. The latter quickly assimilate root-derived carbon 
whilst utilizing simple organic compounds in the rhizosphere (Vandenkoornhyse et al., 2007; 
Bahn et al., 2013; Philippot et al., 2013), and P. penetrans probably modified the transport 
and distribution of labile carbon in roots (e.g. sucrose, Mazzafera et al., 2004). This 
highlights that nematode induced changes in the physiology of host plants can distinctly alter 
belowground carbon pathways in trees similar to herbaceous plants (Davis et al., 2004). 
In sum, the enhanced incorporation of the recent photoassimilated carbon by bacteria in the 
presence of P. armata indicates that grazing by Collembola facilitated the acquisition of plant 
carbon that otherwise would have been transferred into fungal biomass. 
 
 
4.4 Multitrophic interaction on oak growth and soil microbial 
community biomass and structure 
 
This study investigated the role of different nematode trophic groups in influencing soil 
microbial activity and growth of oak seedlings. To achieve this aim, multitrophic soil 
environments, comprising increased numbers of specific trophic groups solely and in all 
possible combinations was employed. 
 
4.4.1 Effect of treatments on the abundance and community structure of 
nematodes 
 
As the objective of this study was to quantify the collective contribution of different trophic 
groups, a modified freeze-thaw method was used to reduce the pre-existing nematode 
population in the soil (Poll et al., 2007). This method is reported to have little effect on the 
soil microbial community and nutrient status of the soil (Stenberg et al., 1998), and further 
ensures the presence of a viable native background nematode community, hence is ideal for 
studying processes under semi-natural conditions. 
118 
 
Manipulation of the relative abundances of the nematode functional groups in the soil was 
successful, predominantly for fungal and plant feeders, as the model nematodes Pratylenchus 
and Aphelenchoides were infrequent in the control soil, likely due to the longer time period 
required for re-establishment due to their low colonization ability (Bongers 1990). Sole 
inoculations enhanced the relative abundance of fungal feeders (by 20%) and plant feeders 
(by 30%), respectively, resulting in a stable and dominant fraction within the nematode 
population of the respective treatments. In contrast, inoculation with the bacterial feeder A. 
buetschlii did not affect the abundance of bacterial feeders in the soil and over time the 
nematode community structure shifted towards that of non-inoculated control soils. 
Cephalobidae family members dominated the bacterial-feeding functional group, which are 
resilient to disturbance such as freezing (Bongers 1990; Bongers and Bongers 1998). 
 
4.4.2 Impact of multitrophic interactions on microbial communities and 
oak growth 
4.4.2.1 Effect of bacterial feeders 
Bacterial feeding nematodes consume a diverse variety of bacteria in soils thus regulating the 
abundance, community composition, activity and phenotype of bacteria (Djigal et al., 2010; 
Xu et al., 2015). In this study, the effect of the BF treatment was more pronounced at 8 weeks 
ANI where it reduced the abundance bacteria, predominantly of Gram-positive taxa, in 
comparison to the control. A number of studies report that effect of bacterial feeders on 
bacterial biomass varies according to nematode species (Ingham et al., 1985; Postma-Blaauw 
et al., 2005), incubation time (Elliott et al., 1980), and identity of bacterial taxa (Glücksman 
et al. 2010; Griffiths et al., 1999; Rønn et al., 2002; Xiao et al. 2010). The observed reduction 
of Gram-positive bacteria points to a distinct top-down control by A. buetschlii. Bacterial 
feeders change the relative abundance of dominant bacterial populations in the soil (Djigal et 
al., 2004), often increasing the relative abundance of bacteria that are grazing-protected, 
either by physical means, such as Gram-positive bacteria (Griffiths et al., 1999; Rønn et al., 
2002) or filamentous growth such as actinomycetes (Rosenberg et al., 2009), or by chemical 
compounds (Mazzola et al., 2007, Jousset et al., 2010). Ackermann et al., (2016) showed that 
A. buetschlii preferentially feeds on Gram-negative bacteria consistent with previous studies 
that found bacterial-feeding nematodes to prefer Gram-negative over Gram-positive bacteria 
(Salinas et al., 2007; Abada et al., 2009). However, in this study the neutral effect of A. 
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buetschlii on Gram-negative bacteria and the reduced abundance of Gram-positive bacteria 
suggests a food preference for the latter. 
On the other hand the enhanced abundance of bacterial feeders increased the biomass of 
fungi in the soil demonstrated by a higher fungal to bacteria ratio. Bacteria and fungi are 
often reported as antagonists in soil (de Boer et al., 2005; Schrey et al., 2012) and the 
competition between these groups has been shown to inhibit fungal growth (Mille-Lindblom 
et al., 2006; Meidute et al., 2008), therefore it is likely that the grazing on bacteria indirectly 
facilitated growth of fungi. Additionally, enhanced abundance of bacterial feeders reduced 
the oak biomass root to shoot ratio, suggesting an indirect facilitation of root colonisation by 
the mycorrhizal fungi resulting in less investment in roots by the plant as previously reported 
(Ditengou et al., 2000; Smith and Read, 2008). 
 
4.4.2.2 Effect of fungal feeders 
Fungal feeders are considered the main drivers of fungal abundance and decomposition 
processes (Filser et al., 2002; Tordoff et al., 2008). In this study, increasing the relative 
abundance of fungal feeders by sole inoculation of A. saprophilus significantly reduced the 
microbial biomass of all major microbial taxa in the soil including fungi, suggesting a strong 
top-down effect. Moreover, the fungal to bacterial ratio declined, indicating a dominance of 
the bacterial energy channel. This finding confirms the strong top-down control of the 
microorganisms due to the grazing pressure of the fungal feeders (Ingham et al., 1985; Setälä 
et al., 1997). Grazing by nematodes on ectomycorrhizal fungi can lead to reduced 
mycorrhizal biomass and consequently reduced plant fitness and growth (Ek et al., 1994; 
Setälä et al., 1997). However, no negative impact of A. saprophilus on oak growth was 
observed consistent with Chapter 3.3 where Collembola grazing had no independent effect on 
plant growth. Previous studies showed that the effect of fungal grazing on plants by 
nematodes was conditionally determined by the nutrition status of the soil (Ek et al., 1994; 
Setälä et al., 1995, 1997, 1998). Since the oak seedlings received supplementary nitrogen 
fertilizer application this could have buffered the negative effect of fungal feeders on the 
overall fitness of the plant. 
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4.4.2.3 Effect of plant feeders 
In the present study, increasing the relative abundance of only plant feeders promoted the 
growth the amount of Gram-negative bacteria and fungi, whilst reducing that of Gram-
positive bacteria likely due to an increased influx of labile root exudates consistent with 
Chapter 3.2 where the presence of P. penetrans stimulated microbial growth (Caravaca et al., 
2015). Gram-negative bacteria multiply rapidly multiply and have a competitive advantage 
for labile exudates (Waldrop et al., 2000) thus directly negatively impacting the growth of 
Gram-positive taxa. Maboreke et al. (2016) showed that P. penetrans act as strong terminal 
nutrient sinks in oak roots and thus indirectly promote carbon flow to rhizosphere 
microorganisms. Correspondingly, plant-feeders enhanced growth of ectomycorrhiza fungi 
compared to sole fungal feeders. Considering the ubiquity of this nematode species, these 
results provide evidence that it widely modulates rhizosphere microbial communities as well 
as mutualistic interactions not only in agricultural but also in woody plants. 
 
4.4.3 Effect of multitrophic interactions 
 
Irrespective of sampling time, the increase in trophic complexity by inoculating soil with 
more than one functional group had a general stimulatory effect on microorganisms in 
comparison to singular inoculations and control treatments. In addition, the microbial 
communities diversified and were separated from each other. As the population amendment 
by nematode inoculation did not result in a significant increase of the overall nematode 
population density, this validates that the observed changes are related to differences in 
trophic structure. Unlike in the singular nematode inoculation treatments where effects 
became apparent at 8 weeks ANI, the impact of increasing trophic complexity was already 
pronounced at 4 weeks ANI and, moreover, shifts in microbial community compositions 
were provoked over time. 
Nematode impact was particularly evident for the interaction of fungal and plant feeders, 
which increased the total microbial biomass and altered community structure compared to 
soils inoculated with singular fungal and plant feeder treatments. This separation was 
stronger at 8 weeks ANI and showed a correlation with fungal PLFAs, which were 
significantly higher. Plant feeders are reported to induce the degradation of cellulose and 
indirectly increase the fungal biomass (Denton et al., 1999; Tu et al., 2003). Therefore, the 
negative effect of fungal grazers was likely counteracted by the positive impact of plant 
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feeders on rhizosphere microbial communities as discussed above for the synergistic 
interaction of Collembola and plant parasitic nematodes (Chapter 4.3). The facilitation of the 
fungal symbiont likely resulted in less belowground investment of oaks as indicated by a 
decline in the root to shoot ratio. Overall, when trophic diversity of faunal grazers is 
considered as functional component of forest soils, their effects on the ectomycorrhiza play a 
key role in the context of plant production. 
Similarly, the interaction of bacterial feeders and plant feeders increased total microbial 
biomass in comparison to singular nematode trophic group inoculations. DFA separated 
microbial communities from other treatments along root 2, this correlated with Gram-
negative bacteria (i15:0 and a15:0) at 4 weeks ANI and with the fungal PLFA markers 
(18:2ω6) at 8 weeks ANI. Additionally, the presence of bacterial feeders increased the oak 
root to shoot ratio in comparison with sole inoculation of plant feeders. Thus, the 
combination of bacteria and plant feeders, both primary modulators of rhizosphere bacterial 
biomass and activity resulted in a positive impact on oak performance. Plant feeders 
stimulated growth of bacteria, while grazing activity of the bacterial feeders counteracted the 
negative impact caused by feeding on root tissue by plant feeders. Previous studies 
demonstrated that nitrogen fertilization offset nematode damage as bacterial feeders increase 
microbial turnover leading to improved nutrient availability (Yeates, 1987; Bardgett and 
Chan, 1999; Gebremikael et al., 2016). This work shows that multitrophic interactions can 
have a comparable stimulatory effect. 
The interaction of bacterial and fungal feeders altered the microbial community structure 
indicated by the DFA separation along root 1 at both sampling times. The abundance of 
bacteria and fungi in the soil increased compared to sole nematode inoculations as well as 
control. Grazing by fungal feeders may have given bacteria a competitive advantage resulting 
in a higher turnover of nutrients via the bacterial pathway that could otherwise have been 
immobilized in fungal biomass consistent with findings from the above study above where 
grazing by Collembola indirectly promoted growth of bacteria (Chapter 4.3). The presence of 
bacterial feeders regulated the bacterial biomass (Wardle and Yeates, 1993) thus indirectly 
facilitating growth of fungi. 
Finally, inoculation with all three trophic nematode groups significantly increased the total 
microbial biomass compared to singular and dual inoculation treatments. DFA further 
disentangled these treatments from the dual interactions of bacterial feeders with either 
fungal or plant feeders with a distinct separation along root 1 at 8 weeks ANI. This shift was 
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attributed to an increase in abundance of Gram-negative bacteria and Actinobacteria, and a 
reduced fungal biomass. In sum, these findings show that in soil with diversified nematode 
interactions, the different trophic groups counteract the negative effects of each other to the 
benefit of the plant. In line with this, Setälä and Huhta (1990) reported that simple fauna 
communities to be less effective in promoting plant production than complex ones. Although, 
in the present study this did not lead to enhanced plant biomass, the root to shoot ratio of the 
plant biomass was significantly more than singular or dual inoculations pointing towards a 
healthier plant in an environment with multitrophic interactions. 
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CHAPTER FIVE: GENERAL DISCUSSION  
This thesis has led to a deep insight how plant-parasitic nematodes, major players in the 
rhizosphere, interact with a temperate forest tree, pedunculate oak. In nature the roots of oak 
are engaged in mutualistic, neutral and pathogenic associations with soil microorganisms and 
fauna, that are directly or indirectly connected, generating a diversity of outcomes with 
regards to plant fitness (Plomion and Fievet, 2013). Further adding to the complexity of these 
biotic interactions is the endogenous rhythmic growth pattern of oak, since primary 
metabolism (i.e. the carbohydrate status) also regulates defence responses and overall plant 
performance (Berger et al., 2007; Hulsmans et al., 2016). This thesis reconstructs the soil 
food web starting from a simple ecosystem (first experiment) and gradually increasing 
diversity by introducing mycorrhizal helper bacteria (second experiment), Collembola 
grazers (third experiment) to a multitrophic system (last experiment). The experimental 
approach used in the first experiment, employing RNA sequencing, isotope labelling, and 
lipid profiling, laid a strong foundation towards understanding of how oak responds to plant-
parasitic nematodes. Most importantly it showed that P. penetrans acted as a strong carbon 
and nutrient sink (Chapter 3.1), with major consequences for the biotic interactions in the 
rhizosphere of oaks. 
 
The first main hypothesis for this thesis study stated that plant-parasitic nematodes 
induce genes associated with plant defence. These responses are modulated by the 
ectomycorrhizal fungus, which primes oak against pathogen infection as well as oak´s 
growth stage, with a stronger impact when shoots are the main C-sink. 
The transcriptomic profile of oak showed that the plant-parasitic nematode provoked 
systemic responses, that can be classified into three main processes: i) elicitation of plant 
defence and production of secondary metabolites with defence properties, ii) repression of 
host defence, and iii) modulation of primary metabolism. These responses of oak varied 
greatly depending on the endogenous growth stage of the oak microcuttings indicating the 
outcomes were a direct result of nutrient sink competition. During RF the interaction between 
oak and P. penetrans was generally harmonious as this coincides with the predominant 
allocation of photoassimilates belowground (Angay et al., 2014; Herrmann et al., 2015). 
Contrastingly, during SF with plant carbon retained aboveground a large defence response 
was initiated against the plant parasite. This indicates that the life strategy of plants, i.e. 
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resource allocation related to endogenous rhythmic growth in perennial trees, influences costs 
and benefits investment in plant defence and should be taken into consideration in future 
studies.  
The ectomycorrhizal fungus modified the transcriptomic responses of oak, predominantly 
related to tolerance of biotic stress and primary metabolism (Chapter 3.1). Its beneficial 
nature increased plant fitness and subsequently tolerance of oak to P. penetrans, a finding 
also observed in the third and fourth experiment (Chapter 3.3 and 3.4). P. croceum altered the 
rhizosphere microbial biomass and community structure, consistent with previous reports 
(Rineau and Garbaye, 2010; de Boer et al., 2015), which likely improved mineralization 
processes and thereby indirectly counteracted the negative effects of plant-parasites. Together 
these findings show that, beside the well-known symbiotic function, the ectomycorrhizal 
fungus plays a significant role in enhancing overall plant stress tolerance towards pathogenic 
nematodes. This biotic interaction was also governed by the plant’s endogenous growth 
pattern, and the transcriptomic profile indicated oaks to be more vulnerable to nematode 
damage during RF due to the weakened host defence by the ectomycorrhizal fungus; this was 
confirmed in the second experiment (Chapter 3.2). 
 
 
 
125 
 
 
 
Figure 39 Schematic illustration summarizing the outcomes of the interaction between mycorrhized 
Quercus robur microcuttings and the plant-parasitic nematode Pratylenchus penetrans during 
different the endogenous growth stage of the microcutting. Presented is an overview on the 
transcriptomic response of Quercus robur to the plant-parasitic nematode and the effect of the 
interaction on the rhizosphere microbial community and the reciprocal effect of the rhizosphere 
microorganisms on the plant during root flush and shoot flush growth stages. The width of the arrows 
depicts the magnitude of the effect. 
 
 
The second main hypothesis for this thesis study stated that the protecting strength of 
rhizosphere helper bacteria is weakened by root infection by plant-parasitic nematodes; 
the reciprocal effects in the rhizosphere create dynamic feedbacks that are not simply 
additive but antagonistic. 
Rhizosphere helper bacteria such as Streptomyces sp. AcH 505 are well known to promote 
mycorrhizal colonization of oak, thereby indirectly enhancing plant growth (Kurth et al., 
2013). However, this thesis showed that Streptomyces sp. AcH 505 had no growth priming 
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effect during the interaction with P. penetrans (Chapter 3.2), neither did it have any negative 
effect on the density of nematodes as previously reported (Meng et al., 2012). Instead, P. 
penetrans had an antagonistic effect on the helper bacteria and its associated plant growth 
promotion properties. This may be due to altered quality and quantity of rhizodeposits by the 
nematode indirectly diminishing the positive effect of P. croceum on the oak microcuttings 
generally observed in the study (Chapters 3.1, 3.3 and 3.4). Moreover, direct interference by 
plant-parasitic nematode is likely, through damage of root tissue, thereby deterring the 
colonization by the ectomycorrhizal fungi as previously reported (Francl, 1993). In support of 
this the first study (Chapter 3.1) showed that P. penetrans had an antagonistic effect on the 
abundance P. croceum. In sum, the findings on this tripartite association show that, although 
beneficial rhizosphere microorganisms modulate the interaction between oak and P. 
penetrans, the plant-parasite also indirectly affects the microbial plant-beneficial interactions 
with oak.  
 
The third main hypothesis for this thesis study stated the interaction between the two 
functional groups, root-feeding nematodes and fungal grazing Collembola, would 
increase plant carbon allocation to roots and soil microorganisms, favouring bacteria in 
particular opportunistic species exploiting rhizodeposits (Gram-negative bacteria). 
The thesis showed that both the plant-parasitic nematode and fungal grazing Collembola 
independently regulated microbial biomass and activity in the rhizosphere. Collembola 
grazing enhanced microbial biomass and altered the rhizosphere community composition 
towards saprophytic bacteria by facilitating nutrient accessibility as confirmed by 13C 
enrichment of bacterial PLFAs (Chapter 3.3). In contrast, P. penetrans reduced the overall 
microbial biomass in the rhizosphere, whereas the additive effect of nematodes and 
Collembola stimulated the growth of microbial biomass as well as the utilization of plant-
derived carbon by the microorganisms. This was particularly evident for Gram-positive 
bacteria that are better adapted to utilizing hyphal exudates, suggesting the presence of 
specific, resource adapted, microbial community in the myco-rhizosphere of oak.  
 
The fourth main hypothesis for this thesis study stated increasing trophic diversity in 
the soil micro-food web counteracts negative effects of plant-parasitic nematodes on 
plant growth due to fostering of the soil microbial communities that participate in 
nutrient mineralization.  
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The results showed that the interaction of functionally diverse nematode trophic groups with 
the plant-feeding nematodes had a general stimulatory effect of the microbial activity in the 
soil (Chapter 3.4). This counteracted the negative impact on oak performance induced by the 
enhanced presence of individual functional groups. Such increasing trophic diversity is 
particularly important in woody plants as this can also alleviate effects of fungal grazers on 
ectomycorrhiza, which play a pivotal role in plant productivity of trees such as oak.  
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CHAPTER SIX: CONCLUSION 
 
This thesis work was quite innovative as it is the first of this kind to investigate the responses 
of a perennial tree, oak, at both genetic and physiological level to major players of a natural 
forest rhizosphere ecosystem. Knowledge about the mechanisms underlying plant-nematode 
interactions has been derived from a limited number of model annual plant species in very 
highly artificial simple experiments resulting in fragmented knowledge about the mechanisms 
with regards to natural ecosystems. Consequently, extrapolations into ecologically 
representative scenarios have been a great challenge, as previous studies often do not take into 
account the effects of the plant’s developmental stage or the complexity of natural 
rhizosphere ecosystems.  
The study showed that plant-parasitic nematodes are indeed major players in the rhizosphere 
interactions of forest trees via their direct and indirect effects on the tree and soil 
microorganisms. This study found that the outcome of these rhizosphere interactions was 
strongly governed by the endogenous rhythmic growth pattern of the tree. It has long been 
acknowledge that plant-parasitic nematodes induce nutrient sinks in the root; however, the 
effect of the endogenous resource allocation pattern of plants has not been explored as this 
produces varying outcomes with regards to plant-nematode interactions. For the future 
studies, I recommend that these consider investigating the responses of plants to nematodes 
during different plant developmental stages. This resource allocation pattern observed in the 
present study can also be applicable to studies involving annual plants that do not typically 
display the rhythmic growth pattern but undergo developmental stages that require more 
investments of photoassimilates in certain organs during a particular time for instance when a 
tomato plant is fruiting as opposed to when its undergoing vegetative growth.  
The study showed plant-parasitic nematodes can negatively affect the interaction between 
plants and beneficial microorganisms such as mycorrhizal helper bacteria thereby 
undermining their beneficial contributions towards plant fitness. On the other hand I found 
that increasing soil fauna trophic diversity counteracted the negative effects of plant-parasitic 
nematodes on oaks. These findings show the importance of indirect effects of nematodes on 
plants and thus further emphasize the importance of conducting studies in an experimental 
set-up emulating the real ecosystem to study the fitness effects.  
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By integrating mechanistic studies with experiments in complex systems as well as taking 
into account the resource allocation pattern of plants this thesis was able to provide a better 
understanding of how long-lived plants such as trees optimally adapt to rhizosphere 
multitrophic biotic interactions. Given the effects of these tree-microbe-fauna interactions, it 
is likely that studies investigating interactions between plant and plant-parasitic nematodes 
that do not take into account the other rhizosphere players will remain limited in their 
capacity to explain plant fitness in an environment where the plant interacts with multiple 
biotic partners at any given time point. The experimental set–up used in this thesis study 
paves the way for a more holistic understanding of rhizosphere interactions and can be 
adopted for future studies to enable realistic appraisals of the roles played by the different 
rhizosphere players contributing to plant fitness. There is need to quantify the roles of the 
entire rhizosphere communities, accounting for crucial interactions amongst the soil microbial 
and fauna communities with plants which is critical to plant growth and biogeochemical 
cycles in forested ecosystems. 
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APPENDIX 
Table A1 Enriched KEGG pathways for up- and downregulated contigs in leaf tissues of oak 
microcuttings during root flush and shoot flush stages treated with Pratylenchus penetrans, Piloderma 
croceum and co-inoculation of P. penetrans and P. croceum. KEGG ID, KEGG term description and 
significance level (P-value) are provided 
 
Upregulated 
    
Treatment 
Oak 
growth 
stage KEGG ID Description P value 
     P. penetrans Root Flush path:ec00590 Arachidonic acid metabolism 0.0129376594 
  
path:ec00591 Linoleic acid metabolism 0.0159379389 
  
path:ec00592 alpha-Linolenic acid metabolism 0.0169384108 
  
path:ec00053 Ascorbate and aldarate metabolism 0.0195854887 
  
path:ec00980 Metabolism of xenobiotics by cytochrome P450 0.0288501779 
  
path:ec00982 Drug metabolism - cytochrome P450 0.0311547044 
  
path:ec00620 Pyruvate metabolism 0.0367677367 
  
path:ec00627 Aminobenzoate degradation 0.0451323495 
 
Shoot Flush path:ec01110 Biosynthesis of secondary metabolites 0.0000000000 
  
path:ec00941 Flavonoid biosynthesis 0.0000000000 
  
path:ec01100 Metabolic pathways 0.0000015589 
  
path:ec01120 Microbial metabolism in diverse environments 0.0000951627 
  
path:ec00350 Tyrosine metabolism 0.0002277759 
  
path:ec00643 Styrene degradation 0.0002521265 
  
path:ec00944 Flavone and flavonol biosynthesis 0.0014537165 
  
path:ec00980 Metabolism of xenobiotics by cytochrome P450 0.0015907729 
  
path:ec00740 Riboflavin metabolism 0.0018227250 
  
path:ec00500 Starch and sucrose metabolism 0.0032805394 
  
path:ec00010 Glycolysis / Gluconeogenesis 0.0033400225 
  
path:ec00627 Aminobenzoate degradation 0.0035543116 
  
path:ec00984 Steroid degradation 0.0084958178 
  
path:ec00982 Drug metabolism - cytochrome P450 0.0087350364 
  
path:ec00592 alpha-Linolenic acid metabolism 0.0118703311 
  
path:ec00940 Phenylpropanoid biosynthesis 0.0147319083 
  
path:ec00520 Amino sugar and nucleotide sugar metabolism 0.0162006024 
  
path:ec00626 Naphthalene degradation 0.0171467655 
  
path:ec00943 Isoflavonoid biosynthesis 0.0251391491 
  
path:ec00625 Chloroalkane and chloroalkene degradation 0.0286606815 
  
path:ec00565 Ether lipid metabolism 0.0325207182 
  
path:ec00830 Retinol metabolism 0.0339362223 
  
path:ec00071 Fatty acid metabolism 0.0380916184 
  
path:ec00630 Glyoxylate and dicarboxylate metabolism 0.0386430309 
  
path:ec00930 Caprolactam degradation 0.0488055455 
P. croceum 
    
 
Root Flush path:ec01100 Metabolic pathways 0.00149336 
  
path:ec00591 Linoleic acid metabolism 0.001837375 
  
path:ec00232 Caffeine metabolism 0.006685651 
  
path:ec00730 Thiamine metabolism 0.010736333 
  
path:ec00770 Pantothenate and CoA biosynthesis 0.011064258 
  
path:ec00514 Other types of O-glycan biosynthesis 0.013021898 
  
path:ec00830 Retinol metabolism 0.017546044 
  
path:ec00590 Arachidonic acid metabolism 0.022558704 
  
path:ec00140 Steroid hormone biosynthesis 0.026394202 
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path:ec00071 Fatty acid metabolism 0.040035879 
 
path:ec00980 Metabolism of xenobiotics by cytochrome P450 0.049427748 
Shoot Flush path:ec00190 Oxidative phosphorylation 0.007545373 
path:ec00510 N-Glycan biosynthesis 0.029684714 
path:ec00790 Folate biosynthesis 0.043760254 
path:ec00750 Vitamin B6 metabolism 0.0441455 
  
path:ec00100 Steroid biosynthesis 0.045547404 
P. penetrans × P. croceum
  Root Flush path:ec00500 Starch and sucrose metabolism 0.0000000000 
path:ec01100 Metabolic pathways 0.0000000002 
path:ec00040 Pentose and glucuronateinterconversions 0.0000000009 
path:ec00983 Drug metabolism - other enzymes 0.0000005594 
path:ec00053 Ascorbate and aldarate metabolism 0.0000610462 
path:ec00940 Phenylpropanoid biosynthesis 0.0001196381 
path:ec00071 Fatty acid metabolism 0.0005854107 
path:ec00073 Cutin 0.0013617016 
path:ec00360 Phenylalanine metabolism 0.0016692340 
path:ec00591 Linoleic acid metabolism 0.0017785512 
path:ec00650 Butanoate metabolism 0.0018663099 
path:ec00232 Caffeine metabolism 0.0021918703 
path:ec00627 Aminobenzoate degradation 0.0024177240 
path:ec00140 Steroid hormone biosynthesis 0.0026254399 
path:ec00830 Retinol metabolism 0.0042567314 
path:ec00062 Fatty acid elongation 0.0125036597 
path:ec00600 Sphingolipid metabolism 0.0146888407 
path:ec00980 Metabolism of xenobiotics by cytochrome P450 0.0150391208 
path:ec00460 Cyanoamino acid metabolism 0.0158343649 
path:ec00564 Glycerophospholipid metabolism 0.0166651725 
path:ec00380 Tryptophan metabolism 0.0172956688 
path:ec00982 Drug metabolism - cytochrome P450 0.0214554869 
path:ec00561 Glycerolipid metabolism 0.0248281910 
path:ec00590 Arachidonic acid metabolism 0.0256352823 
 
path:ec00410 beta-Alanine metabolism 0.0434347821 
Shoot Flush path:ec00510 N-Glycan biosynthesis 0.0328949783 
 Downregulated 
   
 
KEGGID Description P-values
P. penetrans
   Root Flush path:ec00053 Ascorbate and aldarate metabolism 0.0172306411 
 
path:ec00562 Inositol phosphate metabolism 0.0202364940 
Shoot Flush path:ec00500 Starch and sucrose metabolism 0.0000000000 
path:ec01100 Metabolic pathways 0.0000000000 
path:ec00040 Pentose and glucuronateinterconversions 0.0000000000 
path:ec00053 Ascorbate and aldarate metabolism 0.0000000003 
path:ec00531 Glycosaminoglycan degradation 0.0000000046 
path:ec00600 Sphingolipid metabolism 0.0000000300 
path:ec00604 Glycosphingolipid biosynthesis - ganglio series 0.0000001133 
path:ec00511 Other glycan degradation 0.0000002333 
path:ec00983 Drug metabolism - other enzymes 0.0000100132 
path:ec00052 Galactose metabolism 0.0000175530 
path:ec00591 Linoleic acid metabolism 0.0020969693 
path:ec00940 Phenylpropanoid biosynthesis 0.0066671373 
path:ec00360 Phenylalanine metabolism 0.0199095152 
path:ec00121 Secondary bile acid biosynthesis 0.0306798295 
path:ec00534 
Glycosaminoglycan biosynthesis - heparin sulfate 
/ heparin 0.0308762836 
path:ec00520 Amino sugar and nucleotide sugar metabolism 0.0428761333 
path:ec00532 
Glycosaminoglycan biosynthesis - chondroitin 
sulfate / dermatansulfate 0.0440883588 
path:ec00860 Porphyrin and chlorophyll metabolism 0.0448550686 
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P. croceum
   Root Flush path:ec01100 Metabolic pathways 0.002805569 
path:ec00592 alpha-Linolenic acid metabolism 0.024686725 
path:ec00053 Ascorbate and aldarate metabolism 0.029695614 
path:ec00364 Fluorobenzoate degradation 0.034543056 
path:ec01120 Microbial metabolism in diverse environments 0.043587826 
 
path:ec00361 
Chlorocyclohexane and chlorobenzene 
degradation 0.045835108 
Shoot Flush path:ec00592 alpha-Linolenic acid metabolism 0.000222555 
path:ec00310 Lysine degradation 0.003435201 
path:ec00720 Carbon fixation pathways in prokaryotes 0.004967768 
path:ec00591 Linoleic acid metabolism 0.006165045 
path:ec00860 Porphyrin and chlorophyll metabolism 0.007191332 
path:ec00120 Primary bile acid biosynthesis 0.015356075 
path:ec00281 Geraniol degradation 0.0276533 
path:ec00362 Benzoate degradation 0.030252285 
path:ec00930 Caprolactam degradation 0.031588133 
path:ec00062 Fatty acid elongation 0.031898601 
path:ec00903 Limonene and pinene degradation 0.034700349 
path:ec00623 Toluene degradation 0.034879619 
  
path:ec00902 Monoterpenoid biosynthesis 0.048166633 
P. penetrans × P. croceum
  Root Flush path:ec01110 Biosynthesis of secondary metabolites 0.0000000000 
path:ec01100 Metabolic pathways 0.0000000000 
path:ec01120 Microbial metabolism in diverse environments 0.0000000000 
path:ec00400 Phenylalanine 0.0000000001 
path:ec00364 Fluorobenzoate degradation 0.0000000035 
path:ec00270 Cysteine and methionine metabolism 0.0000000065 
path:ec00361 
Chlorocyclohexane and chlorobenzene 
degradation 0.0000000185 
path:ec00941 Flavonoid biosynthesis 0.0000000191 
path:ec00710 Carbon fixation in photosynthetic organisms 0.0000000377 
path:ec00623 Toluene degradation 0.0000001579 
path:ec00360 Phenylalanine metabolism 0.0000005397 
path:ec00401 Novobiocin biosynthesis 0.0000036759 
path:ec00960 Tropane 0.0000184782 
path:ec00940 Phenylpropanoid biosynthesis 0.0000274601 
path:ec00010 Glycolysis / Gluconeogenesis 0.0000313544 
path:ec00680 Methane metabolism 0.0000344688 
path:ec00130 
Ubiquinone and other terpenoid-quinone 
biosynthesis 0.0000389560 
path:ec00950 Isoquinoline alkaloid biosynthesis 0.0000838692 
path:ec00620 Pyruvate metabolism 0.0000986864 
path:ec00720 Carbon fixation pathways in prokaryotes 0.0001736390 
path:ec00350 Tyrosine metabolism 0.0002677796 
path:ec00740 Riboflavin metabolism 0.0003764540 
path:ec00250 Alanine 0.0007410400 
path:ec00627 Aminobenzoate degradation 0.0012006523 
path:ec00330 Arginine and proline metabolism 0.0012978615 
path:ec00300 Lysine biosynthesis 0.0027173943 
path:ec00340 Histidine metabolism 0.0079036909 
path:ec00945 Stilbenoid 0.0124506026 
path:ec00984 Steroid degradation 0.0271413295 
path:ec00020 Citrate cycle (TCA cycle) 0.0298905516 
path:ec00630 Glyoxylate and dicarboxylate metabolism 0.0299851187 
path:ec00640 Propanoate metabolism 0.0318320927 
path:ec00260 Glycine 0.0339821597 
path:ec00500 Starch and sucrose metabolism 0.0344390146 
 
path:ec00051 Fructose and mannose metabolism 0.0433729949 
Shoot Flush path:ec00860 Porphyrin and chlorophyll metabolism 0.0026954519 
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path:ec00140 Steroid hormone biosynthesis 0.0281674237 
path:ec01110 Biosynthesis of secondary metabolites 0.0328805910 
path:ec00053 Ascorbate and aldarate metabolism 0.0337214137 
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Table A2 Differentially expressed contigs associated with enriched GO terms presented in Fig. 11-13. 
Gene description and the significant differential expression (Log2 of FC) determined by edgeR with a 
threshold Benjamini-Hochberg adjusted P < 0.01 as cut-off indicated by FDR, are provided. Control 
versus Piloderma croceum during root flush (RF Co-Pc) and Control versus Piloderma croceum 
during shoot flush (SF Co-Pc)  
Treatment Oak Contig 
A. thaliana
homologue
Description 
Log2F
C 
RF Co-Pc comp42530_c1_seq8 AT5G37360 Ammonium transporter 7.5 
RF Co-Pc comp43571_c0_seq34 AT2G44480 Beta glucosidase 17 8.8 
RF Co-Pc comp38015_c1_seq6 AT5G65780 Branched-chain amino acid 7.1 
RF Co-Pc comp42018_c0_seq5 AT5G58200 
Calcineurin-like metallo-phosphoesterase 
superfamily protein 5.7 
RF Co-Pc comp17244_c0_seq1 AT1G24620 Calmodulin-like protein 1-like 4.7 
RF Co-Pc comp43459_c0_seq12 AT5G51430 
Conserved oligomeric golgi complex 
subunit 7.5 
RF Co-Pc comp43757_c1_seq42 AT5G53130 Cyclic nucleotide-gated ion channel 1-like 6.8 
RF Co-Pc comp39803_c1_seq7 AT2G29080 FTSH protease 3 8.5 
RF Co-Pc comp35200_c1_seq9 AT4G24740 FUS3-complementing gene 2 4.3 
RF Co-Pc comp33885_c0_seq2 AT1G27600 Glycosyl transferase 7.3 
RF Co-Pc comp43517_c0_seq1 AT3G07180 GPI transamidase component PIG-S-related 5.0 
RF Co-Pc comp41845_c1_seq8 AT2G43980 Inositol-tetrakisphosphate 1-kinase 4-like 4.5 
RF Co-Pc comp42746_c0_seq5 AT5G49960 Ion channel dmi1- chloroplast expressed 6.7 
RF Co-Pc comp43363_c0_seq2 AT3G47570 
Leucine-rich repeat protein kinase family 
protein 6.7 
RF Co-Pc comp38272_c0_seq2 AT3G22400 Lipoxygenase 5 2.0 
RF Co-Pc comp43794_c0_seq60 AT5G48740 
LRR receptor-like serine threonine-protein 
kinase 7.6 
RF Co-Pc comp42806_c1_seq2 AT1G17260 
Magnesium-translocating p-type atpase 
AHA10 7.0 
RF Co-Pc comp41227_c1_seq16 AT2G38330 Mate efflux family protein 4.8 
RF Co-Pc comp43449_c1_seq17 AT1G66760 Mate efflux family protein 7.9 
RF Co-Pc comp43419_c0_seq3 AT5G66930 Meiotically up-regulated gene 66 protein 7.2 
RF Co-Pc comp42239_c0_seq1 AT4G21580 NADPH quinone oxidoreductase 8.6 
RF Co-Pc comp43617_c1_seq8 AT5G55810 
Nicotina/nicotinamide mononucleotide 
adenyltransferase 8.0 
RF Co-Pc comp43330_c0_seq13 AT3G44320 Nitrilase3 6.6 
RF Co-Pc comp42299_c0_seq7 AT5G18860 Nucleoside hydrolase 3 8.3 
RF Co-Pc comp42708_c0_seq6 AT2G01220 
Nucleotidyl transferase domain-containing 
protein 5.4 
RF Co-Pc comp40133_c0_seq5 AT1G38065 O-fucosyltransferase family protein 2.1 
RF Co-Pc comp43007_c0_seq7 AT2G01460 
P-loop containing nucleoside triphosphate
hydrolases superfamily protein 5.0 
RF Co-Pc comp43050_c0_seq2 AT3G27730 Pentatricopeptide repeat-containing 6.5 
RF Co-Pc comp38978_c2_seq2 AT1G03000 Peroxin 6 7.7 
RF Co-Pc comp35313_c0_seq10 AT5G64390 Poly -binding protein 9.2 
RF Co-Pc comp30456_c0_seq2 AT2G25690 Protein 7.8 
RF Co-Pc comp43811_c0_seq12 AT2G24960 Protein 9.6 
RF Co-Pc comp43811_c0_seq8 AT4G02210 Protein 10.0 
RF Co-Pc comp37558_c0_seq3 AT2G30170 Protein phosphatase 2c 26 5.8 
RF Co-Pc comp43164_c0_seq6 AT1G11340 S-locus lectin protein kinase family protein 8.2 
RF Co-Pc comp38053_c0_seq1 AT2G43810 
Small nuclear ribonucleoprotein family 
protein 7.9 
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RF Co-Pc comp39673_c0_seq2 AT4G34430 swi snf complex subunit swi3d 7.0 
RF Co-Pc comp31863_c0_seq2 AT5G57230 Thioredoxin-like domain-containing protein 8.1 
RF Co-Pc comp42344_c7_seq3 AT1G08500 
early nodulin-like protein 18Transcription 
elongation regulator 1-like 8.8 
RF Co-Pc comp42754_c0_seq2 AT2G30140 UDP-glycosyltransferase 87a1-like 9.0 
RF Co-Pc comp40340_c0_seq4 AT5G24750 
UDP-glycosyltransferase superfamily 
protein 7.2 
RF Co-Pc comp40412_c0_seq2 AT1G02270 
Uncharacterized calcium-binding protein 
At1g02270-like 6.9 
RF Co-Pc comp42785_c0_seq16 AT1G12470 
Vacuolar protein sorting-associated protein 
18 homolog 9.0 
RF Co-Pc comp36742_c0_seq6 AT1G14530 Virion binding 4.3 
RF Co-Pc comp43120_c0_seq2 AT4G25810 
Xyloglucan endotransglucosylase/hydrolase 
23 7.4 
RF Co-Pc comp43108_c0_seq19 AT2G40140 Zinc finger ccch domain-containing protein 11.0 
RF Co-Pc comp35274_c0_seq1 AT1G19690 
AD(P)-binding Rossmann-fold superfamily 
protein -7.3
RF Co-Pc comp43354_c0_seq8 AT3G48000 Aldehyde dehydrogenase 2 -3.2
RF Co-Pc comp40088_c0_seq6 AT3G29320 Alpha-glucan phosphorylase 1 -7.8
RF Co-Pc comp40088_c0_seq4 AT3G29320 Alpha-glucan phosphorylase 2 -7.0
RF Co-Pc comp40668_c1_seq15 AT3G23600 Alpha/beta-Hydrolases superfamily protein -9.2
RF Co-Pc comp33288_c1_seq3 AT4G31020 Alpha/beta-Hydrolases superfamily protein -7.2
RF Co-Pc comp41856_c1_seq2 AT3G59410 
Arabidopsis thaliana general control non-
repressible 2  -7.4
RF Co-Pc comp41856_c1_seq5 AT3G59410 
Arabidopsis thaliana general control non-
repressible 2 -7.3
RF Co-Pc comp43061_c0_seq4 AT2G20190 
ATCLASP cell expansion CLIP-associated 
protein -7.5
RF Co-Pc comp43571_c0_seq3 AT2G44480 Beta glucosidase  17 -9.5
RF Co-Pc comp42244_c0_seq5 AT3G12290 c-1-tetrahydrofolate cytoplasmic -9.1
RF Co-Pc comp31014_c0_seq1 AT5G54160 
Caffeate O-methyltransferase 1 lignin 
biosynthesis -2.9
RF Co-Pc comp42908_c0_seq22 AT3G13860 Chaperonin cpn60-like mitochondrial-like -9.3
RF Co-Pc comp40383_c1_seq5 AT1G65020 Conserved hypothetical protein -7.4
RF Co-Pc comp42202_c0_seq3 AT4G23180 
Cysteine -richlike  RLK 10 defence 
response -4.7
RF Co-Pc comp40413_c0_seq5 AT5G04895 
DEA(D/H)-box RNA helicase family 
protein -8.0
RF Co-Pc comp42746_c0_seq3 AT5G49960 Dmi1 protein -7.6
RF Co-Pc comp41121_c1_seq3 AT2G01970 Endomembrane protein 70 -4.6
RF Co-Pc comp43515_c0_seq2 AT5G10770 Eukaryotic aspartyl protease family protein -2.1
RF Co-Pc comp43517_c0_seq2 AT3G07180 GPI transamidase component PIG-S-related -9.3
RF Co-Pc comp43256_c0_seq3 AT5G42830 
HXXXD-type acyl-transferase family 
protein -8.5
RF Co-Pc comp37882_c0_seq2 AT3G21760 Hypostain resistance  1 -8.3
RF Co-Pc comp41845_c1_seq6 AT2G43980 Inositol-tetrakisphosphate 1-kinase 4-like -8.9
RF Co-Pc comp39930_c0_seq1 AT3G47980 Integral membrane HPP family protein -6.7
RF Co-Pc comp42746_c0_seq6 AT5G49960 Ion channel dmi1- chloroplast expressed -6.7
RF Co-Pc comp39773_c5_seq4 AT5G09360 Laccase 14 -8.5
RF Co-Pc comp43363_c0_seq10 AT3G47570 
Leucine-rich repeat protein kinase family 
protein -6.6
RF Co-Pc comp43664_c0_seq9 AT1G67560 lipoxygenase -8.6
RF Co-Pc comp42806_c1_seq13 AT1G17260 Magnesium-translocating p-type atpase -6.7
RF Co-Pc comp40525_c0_seq5 AT1G26180 Membrane protein -8.5
RF Co-Pc comp40483_c0_seq1 AT2G03120 
Minor histocompatibility antigen h13 signal 
peptidase peptidase -7.0
RF Co-Pc comp43771_c1_seq1 AT5G07900 
Mitochondrial transcription termination 
factor family protein  -7.6
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RF Co-Pc comp42239_c0_seq4 AT4G21580 NADPH quinone oxidoreductase -8.6 
RF Co-Pc comp43330_c0_seq16 AT5G22300 Nitrilase 4 -8.3 
RF Co-Pc comp39050_c0_seq3 AT5G57120 Nucleolar and coiled-body phosphoprotein -8.6 
RF Co-Pc comp40844_c0_seq1 AT3G60450 Phosphoglycerate mutase family protein -2.0 
RF Co-Pc comp40857_c0_seq1 AT1G59520 Protein cw7 -8.0 
RF Co-Pc comp42415_c1_seq1 AT1G80010 Protein far1-related sequence 6-like -9.0 
RF Co-Pc comp43466_c0_seq3 AT5G47070 Protein kinase superfamily protein -9.3 
RF Co-Pc comp38369_c0_seq2 AT1G10510 Protein nlrc3-like -6.8 
RF Co-Pc comp43604_c1_seq1 AT3G11410 Protein phosphatase 2c -7.9 
RF Co-Pc comp42456_c1_seq3 AT1G79950 RAD3-like DNA-binding helicase protein -8.6 
RF Co-Pc comp36158_c0_seq2 AT5G64930 
Regulator of expression of pathogenesis-
related (PR) genes -7.3 
RF Co-Pc comp43807_c0_seq2 AT5G04050 rna binding -6.8 
RF Co-Pc comp42134_c0_seq4 AT3G63470 Serine carboxypeptidase-like 40 -5.4 
RF Co-Pc comp40124_c1_seq21 AT2G17700 Serine/threonine/tyrosine kinase 8 -5.2 
RF Co-Pc comp43737_c0_seq4 AT4G16730 Terpene synthase 02 not translated  -4.1 
RF Co-Pc comp31863_c0_seq4 AT5G57230 Thioredoxin-like domain-containing protein -7.4 
RF Co-Pc comp36210_c0_seq1 AT2G29070 
Ubiquitin fusion degradation UFD1 family 
protein -6.5 
RF Co-Pc comp39822_c0_seq9 
 
Zinc finger ccch domain-containing protein 
66-like -7.2 
SF Co-Pc comp36621_c0_seq1 AT1G15690 ATAVP1 8.9 
SF Co-Pc comp43571_c0_seq14 AT2G44480 Beta glucosidase 17 8.9 
SF Co-Pc comp43571_c0_seq13 AT2G44480 Beta glucosidase 17  9.4 
SF Co-Pc comp43109_c0_seq4 AT5G62570 Calmodulin binding protein-like 10.0 
SF Co-Pc comp42225_c2_seq46 AT2G07050 Cycloartenol synthase 9.5 
SF Co-Pc comp43826_c1_seq12 AT3G14460 
LRR and NB-ARC domains-containing 
disease resistance protein  9.2 
SF Co-Pc comp34284_c0_seq3 AT2G39630 Dolichyl-phosphate β-glucosyltransferase 10.0 
SF Co-Pc comp43459_c0_seq4 AT5G51430 Embryo yellow  9.5 
SF Co-Pc comp37458_c0_seq4 AT1G48360 FANCONI/FANCD2 associated nuclease 1 8.7 
SF Co-Pc comp41119_c0_seq1 AT3G10160 Folypolyglutamate synthetase 2 10.4 
SF Co-Pc comp43517_c0_seq1 AT3G07180 GPI transamidase component PIG-S-related 8.9 
SF Co-Pc comp43313_c1_seq4 AT2G19070 
Hydroxycinnamoyl-coenzyme a shikimate 
quinate hydroxycinnamoyltransferase-like 8.8 
SF Co-Pc comp40225_c0_seq2 AT4G05090 Inositol monophosphatase family protein 8.8 
SF Co-Pc comp39930_c0_seq9 AT1G73200 Integral membrane hpp family protein 9.0 
SF Co-Pc comp40202_c0_seq4 AT1G73200 
Integral membrane protein conserved 
region 9.8 
SF Co-Pc comp35600_c2_seq8 AT1G22280 
Phytochrome-associated protein 
phosphatase type 2C 10.0 
SF Co-Pc comp42858_c0_seq3 AT1G79050 recA DNA recombination family protein; 8.9 
SF Co-Pc comp36556_c0_seq2 AT3G55580 
Regulator of chromosome condensation 
(RCC1) family protein 9.2 
SF Co-Pc comp36977_c0_seq2 AT4G29010 Abnormal inflorescence meristem -5.2 
SF Co-Pc comp39810_c0_seq2 AT2G38660 Amino acid dehydrogenase family protein -8.9 
SF Co-Pc comp43159_c0_seq6 AT4G38120 ARM repeat superfamily protein -8.6 
SF Co-Pc comp41169_c0_seq12 AT3G26950 Conserved hypothetical protein -8.5 
SF Co-Pc comp39888_c0_seq8 AT3G15520 
Cyclophilin-like peptidyl-prolyl cis-trans 
isomerase family protein -5.5 
SF Co-Pc comp43500_c0_seq13 AT5G41480 Dihydrofolate synthetase 5.7 
SF Co-Pc comp34284_c0_seq1 AT2G39630 Dolichyl-phosphate β-glucosyltransferase -9.5 
SF Co-Pc comp41726_c0_seq3 AT1G13980 Embryo defective 30 -8.6 
SF Co-Pc comp37458_c0_seq9 AT1G48360 FANCONI/FANCD2 associated nuclease 1 -9.5 
SF Co-Pc comp41194_c0_seq7 AT3G15850 Fatty acid desaturase 5  -9.8 
SF Co-Pc comp41119_c0_seq4 AT3G10160 Folypolyglutamate synthetase 2 -9.9 
SF Co-Pc comp41222_c1_seq6 AT1G75750 GAST1 Protein homolog 1, -6.9 
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SF Co-Pc comp41014_c2_seq2 AT2G36750 UDP-glucosyl transferase 73C1 -8.8
SF Co-Pc comp38571_c0_seq3 AT1G15380 Glyoxylase 14 6.0 
SF Co-Pc comp29219_c0_seq4 AT4G02450 HSP20-like chaperones superfamily protein -9.0
SF Co-Pc comp37882_c0_seq2 AT3G21760 Hypostain resistance 1 -9.5
SF Co-Pc comp30321_c0_seq6 AT5G52200 Inhibitor-2 -8.6
SF Co-Pc comp43664_c0_seq9 AT1G67560 Lipoxygenase -9.1
SF Co-Pc comp32951_c0_seq3 AT4G34440 
Proline-rich extensine-like receptor kinase 5 
-6.8
SF Co-Pc comp36556_c0_seq1 AT3G55580 
Regulator of chromosome condensation 
(RCC1) family protein -9.0
SF Co-Pc comp42876_c0_seq3 AT5G53020 Ribonuclease P protein subunit P38-related -8.6
SF Co-Pc comp43391_c0_seq3 AT3G14350 Strubbelig-receptor family 6 -8.9
SF Co-Pc comp22965_c0_seq3 AT4G22890 PGR5-like A -11.1
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Table A3 Number of differentially expressed contigs enriching the Gene Ontology terms belonging to 
biological process, cellular component and molecular function categories. Presented are data for up- 
and down regulated contigs in leaf tissues of oak microcuttings treated with Pratylenchus penetrans, 
Piloderma croceum and co-inoculation of Pratylenchus penetrans and Piloderma croceum during root 
flush and shoot flush 
 
   
Gene Ontology Categories 
Growth 
Stage Treatment Regulation 
Biological 
Process 
Cellular 
Component  
Molecular 
Function 
Root Flush 
     
 
P. penetrans Up 24 5 16 
  
Down 25 3 24 
      
 
P. croceum Up 44 3 41 
  
Down 52 4 43 
      
 
P. penetrans × P. 
croceum Up 99 23 61 
  
Down 68 13 71 
      Shoot Flush 
     
 
P. penetrans Up 69 8 80 
  
Down 178 27 102 
      
 
P. croceum Up 28 3 23 
  
Down 34 5 24 
  
Up 
   
 
P. penetrans × P. 
croceum Down 36 6 22 
   
41 6 29 
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Table A4 Effects of Pratylenchus penetrans and Piloderma croceum on the relative allocation of carbon and nitrogen in the oak microcuttings organs. Present are 
data for the proportions of 13C excess and 15N excess (% of total ± s.d.) in plant organs harvested during root and shoot flush. For each growth stage, ANOVA 
with *, ** and *** for P < 0.05, P < 0.01 and P < 0.001, respectively. Values in a row followed by the same letter are not significantly different (Tukey’s HSD 
test, P < 0.05). Pp: Pratylenchus penetrans; Pc: Piloderma croceum 
Root Flush Shoot Flush 
 
Control P. penetrans P. croceum Pp × Pc ANOVA Control P. penetrans P. croceum Pp × Pc ANOVA 
13C excess 
 SFt 6.39 ± 9.09 2.36 ± 2.52 1.79 ± 2.10 3.10 ± 4.0 22.65 ± 13.12b 39.10 ± 15.30a 28.80 ± 
10.61ab 
39.90 ± 14.54a Pp* 
SFt-1 25.74 ± 13.23 30.76 ± 11.16 23.59 ± 9.86 23.76 ± 11.60 26.38 ± 7.59 29.11 ± 9.37 27.08 ± 13.01 27.09 ± 7.38 
SFt -2 16.81 ± 7.59 13.77 ± 8.71 10.65 ± 5.44 19.19 ± 16.82 12.54 ± 11.68 8.56 ± 8.85 6.02 ± 1.49 4.18 ± 1.86 
Stem 10.01 ± 4.91 11.64 ± 2.08 13.50 ± 5.75 10.22 ± 3.81 11.17 ± 3.24b 9.37 ± 5.06b 16.27 ± 3.20a 11.57 ± 2.99ab Pc* 
Lateral roots 14.44 ± 10.26 10.06 ± 6.02 9.96 ± 8.25 7.23 ± 3.62 10.65 ± 6.89a 3.84 ± 2.12b 6.39 ± 2.41ab 8.44 ± 3.79ab 
Pp × 
Pc* 
Principal 
roots 
26.61 ± 13.27b 30.41 ± 5.63ab 40.51 ± 12.33a 36.48 ± 14.79ab Pc** 16.6 ± 8.77 10.03 ± 7.38 15.45 ± 7.66 8.81 ± 65 
15N excess 
 SFt 5.25 ± 9.78 1.54 ± 2.47 3.28 ± 3.08 1.50 ± 2.65 16.40 ± 9.26b 30.55 ± 16.45 24.18 ± 
12.61ab 
44.12 ± 8.16a Pp** 
SFt - 1 11.16 ± 7.10 15.30 ± 5.88 10.19 ± 6.74 11.10 ± 5.59 24.40 ± 20.77 12.96 ± 4.99 13.37 ± 8.13 20.07 ± 6.34 
SFt - 2 10.81 ± 7.88b 13.32 ± 8.62ab 5.76 ± 3.42b 23.65 ± 15.20a Pp*** 6.53 ± 5.73 4.27 ± 4.63 1.92 ± 1.72 2.94 ± 1.91 
Stem 26.14 ± 11.72a 22.16 ± 5.60b 27.44 ± 5.73a 19.29 ± 7.03b Pp* 
17.80 ± 
10.56ab 
14.08 ± 5.55b 27.59 ± 10.02a 14.05 ± 2.80b Pp* 
Lateral roots 16.69 ± 11.89a 14.74 ± 6.33a 9.99 ± 4.93b 10.25 ± 4.37b Pc* 16.55 ± 13.52 16.09 ± 10.54 13.23 ± 7.16 8.56 ± 1.43 
Principal 
roots 
29.96 ± 10.97 b 32.93 ± 8.79b 43.34 ± 7.38a 34.20 ± 12.90ab Pc* 18.32 ± 12.43 22.04 ± 15.22 19.71 ± 6.16 10.26 ± 2.38 
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Table A5 Effects of the nematode Pratylenchus penetrans and the Collembola Protaphorura armata 
on the amounts of individual phospholipid fatty acids (in nmol g-1 DW soil ± s.d.) in the rhizosphere of 
Quercus robur microcuttings. Presented are data of first (2 DPL) sampling time of oak microcuttings. 
ANOVA with *, ** and *** for P < 0.05, P < 0.01 and P < 0.001 or n.s P > 0.05, respectively. Values 
in a row followed by the same letter are not significantly different (Tukey’s HSD test, P < 0.05). n.s: 
not statistically significant 
 
  
     
   
2 DPL 
   
  
Control Collembola Nematodes Combined ANOVA 
Fatty acid Organism 
     
i15:0 Gram-positive bacteria 4.46 ± 1.41 5.31 ± 1.17 5.05 ± 1.42 5.30 ± 1.13 n.s 
a15:0 
 
2.95 ± 1.31 3.23 ± 0.76 2.91 ± 1.01 3.83 ± 1.21 n.s 
i16:0 
 
6.43 ± 2.15 7.38 ± 1.71 6.45 ± 2.21 7.23 ± 1.30 n.s 
i 17:0 
 
1.36 ± 0.47 1.52 ± 0.36 1.44 ± 0.53 1.55 ± 0.30 n.s 
a17:0 
 
1.48 ± 0.69 1.20 ± 0.61  1.11 ± 0.83 1.86 ± 0.63 n.s 
cy 17:0 Gram-negative bacteria 5.39 ± 4.12 5.46 ± 2.82 6.34 ± 3.58 4.56 ± 2.63 n.s 
cy 19:0 
 
4.71 ± 2.82 4.84 ± 1.15 4.67 ± 2.08 5.17 ± 1.88 n.s 
16:1ω7 Bacteria in general 3.22 ± 1.50 3.58 ± 0.93 4.31 ± 1.81 4.10 ±0.76 n.s 
18:1ωc 
 
7.33 ± 4.92 5.76 ± 1.98 6.62 ± 3.97 8.15 ± 2.97 n.s 
18:1ωc Fungi 2.29 ± 1.28 2.48 ± 0.92 2.58 ± 1.62 3.25 ± 0.75 n.s 
18:2ω6 
 
1.58 ± 1.11 1.84 ± 1.58 1.55 ± 1.58 2.60 ± 0.75 n.s 
14:0 Miscellaneous origin 1.04 ± 0.56 1.13 ± 0.57 1.15 ± 0.65 1.33 ± 0.26 n.s 
15:0 
 
0.75 ± 0.54 1.24 ± 1.09 0.85 ± 0.62 0.88 ± 0.43 n.s 
16:0 
 
13.07 ± 6.64 14.19 ± 4.24 13.83 ± 5.59 
13.56 ± 
2.50 n.s 
18:0 
 
1.78 ± 0.81 1.55 ± 0.81 1.59 ± 0.92 1.91 ± 0.44 n.s 
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Table A6 Effects of the nematode Pratylenchus penetrans and the Collembola Protaphorura armata 
on the amounts of individual phospholipid fatty acids (in nmol g-1 DW soil ± s.d.) in the rhizosphere of 
Quercus robur microcuttings. Presented are data of second (5 DPL) sampling time of oak 
microcuttings. ANOVA with * for P < 0.05. Values in a row followed by the same letter are not 
significantly different (Tukey’s HSD test, P < 0.05). n.s: not statistically significant 
5 DPL 
Control Collembola Nematodes Combined 
ANOVA 
Fatty acid Organism 
i15:0 Gram-positive bacteria 4.62 ± 1.44 3.89 ± 1.51 4.11 ± 1.20 4.70 ± 0.86 n.s
a15:0 2.63 ± 0.99 2.55 ± 1.22 2.44 ± 0.83 2.69 ± 0.58 n.s
i16:0 6.13 ± 1.57 6.65 ± 1.43 5.01 ± 1.19 6.63 ± 1.30 C*
i 17:0 1.46 ± 0.58 1.39 ± 0.30 1.16 ± 0.23 1.42 ± 0.30 n.s
a17:0 1.34 ± 0.72 1.50 ± 0.44 1.03 ± 0.49 1.32 ± 0.31 n.s
cy 17:0 Gram-negative bacteria 6.66 ± 4.69 3.31 ± 1.54 4.69 ± 1.44 4.28 ± 1.31 n.s
cy 19:0 5.28 ± 2.97 4.14 ± 0.79 3.53 ± 0.57 4.58 ± 1.05 n.s
16:1ω7 Bacteria in general 3.62 ± 1.61 2.84 ± 0.96 3.57 ± 0.95 3.60 ± 0.78 n.s
18:1ω7c 7.38 ± 4.50 5.65 ± 1.88 5.47 ± 1.92 5.15 ± 1.98 n.s
18:1ω9c Fungi 2.16 ± 0.73 2.46 ± 0.81 2.21 ± 0.76 2.31 ± 0.51 n.s
18:2ω6 1.64 ± 1.33 2.70 ± 1.77 2.09 ± 1.06 1.67 ± 1.59 n.s
14:0 Miscellaneous origin 1.19 ± 0.37 0.74 ± 0.65 1.01 ± 0.48 1.20 ± 0.24 n.s
15:0 1.03 ± 0.35 0.79 ± 0.37 0.76 ± 0.18 0.93 ± 0.20 n.s
16:0 14.00 ± 5.28 11.26 ± 2.30 11.16 ± 1.84 12.34 ± 2.47 n.s
18:0 1.69 ± 0.51 1.70 ± 0.29 1.32 ± 0.27 1.67 ± 0.22 n.s
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Table A7 Effects of increasing relative abundance of nematode trophic groups in soil on the amounts of individual PLFAs, (nmol g-1 ± s.d.). Presented is data 
at first (4 weeks) sampling after application of amendments i.e. C: control; BF: Acrobeloides buetschlii; FF: Aphelenchoides saprophilus: and PF: 
Pratylenchus penetrans: PF. Values in a row with the same letters are not significantly different (Tukey’s HSD test, P < 0.05) 
C BF FF PF BF+FF BF+PF FF+PF BF+FF+PF 
i15:0 (G+) 3.19 ± 0.05c 3.30 ± 0.08abc 3.19 ± 0.01c 3.29 ± 0.05bc 3.39 ± 0.12ab 2.51 ± 0.10d 3.49 ± 0.19a 3.32 ± 0.04abc 
a15:0 (G+) 2.00 ± 0.02b 2.04 ± 0.03ab 1.99 ± 0.04b 2.12 ± 0.07ab 2.15 ± 0.12a 1.54 ± 0.03c 2.17 ± 0.12a 2.06 ± 0.03ab 
i16:0 (G+) 1.48 ± 0.04bc 1.52 ± 0.04abc 1.52 ± 0.20abc 1.43 ± 0.09c 1.63 ± 0.10ab 1.37 ± 0.02c 1.64 ± 0.09ab 1.66 ± 0.05a 
i17:0 (G+) 0.99 ± 0.03ab 0.98 ± 0.06ab 0.93 ± 0.07ab 0.98 ± 0.07ab 1.00 ± 0.07ab 0.91 ± 0.08b 1.01 ± 0.03a 1.03 ± 0.03a 
a17:0 (G+) 0.93 ± 0.20ab 0.82 ± 0.05ab 0.84 ± 0.16ab 0.85 ± 0.03ab 0.91 ± 0.06ab 0.75 ± 0.10b 0.97 ± 0.06a 0.95 ± 0.03ab 
cy17:0 (G-) 1.46 ± 0.03c 1.40 ± 0.02cd 1.42 ± 0.03cd 1.45 ± 0.10c 1.64 ± 0.06b 1.35 ± 0.02d 1.84 ± 0.03a 1.67 ± 0.05b 
cy19:0 (G-) 1.95 ± 0.11bcd 1.94 ± 0.07bcd 1.85 ± 0.07d 2.02 ± 0.05abc 2.05 ± 0.05ab 1.91 ± 0.03cd 2.11 ± 0.11a 2.14 ± 0.07a 
16:1ω (B) 2.40 ± 0.17a 2.37 ± 0.09ab 2.13 ± 0.05bc 2.13 ± 0.32bc 2.31 ± 0.04ab 2.01 ± 0.04c 2.52 ± 0.02a 2.38 ± 0.04ab 
16:1ω (B) 1.13 ± 0.02ab 1.21 ± 0.10a 1.02 ± 0.04bc 1.03 ± 0.17bc 1.11 ± 0.03ab 0.95 ± 0.07c 1.17 ± 0.06a 1.14 ± 0.03ab 
18:1ω9t (B) 3.25 ± 0.46 3.15 ± 0.26 3.13 ± 0.06 3.33 ± 0.06 3.30 ± 0.05 3.09 ± 0.25 3.38 ± 0.08 3.43 ± 0.02 
16:0 10-meth (A) 2.67 ± 0.08 2.68 ± 0.13abc 2.56 ± 0.09bc 2.62 ± 0.28abc 2.82 ± 0.06ab 2.45 ± 0.30c 2.89 ± 0.08a 2.86 ± 0.06ab 
18:0 10-meth (A) 1.75 ± 0.25ab 1.65 ± 0.08b 1.69 ± 0.08ab 1.78 ± 0.15ab 1.88 ± 0.08ab 1.74 ± 0.14ab 1.90 ± 0.14ab 1.99 ± 0.03a 
18:2ω6 (F) 0.90 ± 0.05 0.82 ± 0.05 0.85 ± 0.13 0.83 ± 0.06 0.93 ± 0.12 0.89 ± 0.26 0.85 ± 0.06 1.04 ± 0.06 
18:1ω9c (F) 3.01 ± 0.55 2.86 ± 0.43 2.84 ± 0.37 3.08 ± 0.56 3.12 ± 0.12 3.02 ± 0.29 3.35 ± 0.07 3.29 ± 0.03 
14:0 0.45 ± 0.02 0.48 ± 0.11 0.48 ± 0.05 0.47 ± 0.10 0.48  ± 0.11 0.37 ± 0.04 0.51 ± 0.05 0.46 ± 0.12 
15:0 0.35 ± 0.04 0.46 ± 0.03 0.33 ± 0.01 0.35 ± 0.04 0.36 ± 0.05 0.29 ± 0.05 0.36 ± 0.03 0.33 ± 0.08 
16:0 6.96 ± 0.41b 6.85 ± 0.10bc 6.96 ± 0.15b 7.42 ± 0.26ab 7.34 ± 0.51ab 6.30 ± 0.42c 7.49 ± 0.16ab 7.69 ± 0.30a 
18:0 1.21 ± 0.15b 1.22 ± 0.12ab 1.17 ± 0.06b 1.30 ± 0.03ab 1.28 ± 0.11ab 1.26 ± 0.03ab 1.37 ± 0.10ab 1.43 ± 0.21a 
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Table A8 Effects of increasing relative abundance of nematode trophic groups in soil on the amounts of individual PLFAs, (nmol g-1 ± s.d.). 
Presented is data at second (8 weeks) sampling after application of amendments i.e. C: control; BF: Acrobeloides buetschlii; FF: Aphelenchoides 
saprophilus: and PF: Pratylenchus penetrans: PF. Values in a row with the same letters are not significantly different (Tukey’s HSD test, P < 0.05) 
C BF FF PF BF+FF BF+PF FF+PF BB+FF+PF 
i15:0 (G+) 2.88 ± 0.05d 2.71± 0.12e 2.55 ± 0.07f 2.97 ± 0.04cd 3.02 ± 0.08bc 3.26 ± 0.05a 3.02 ± 0.01bc 3.09 ± 0.01b 
a15:0 (G+) 1.86 ± 0.04c 1.68 ± 0.05d 1.68 ± 0.03d 1.98 ± 0.05b 1.89 ± 0.04c 2.11 ± 0.02a 1.89 ± 0.05c 1.99 ±  0.04b 
i16:0 (G+) 1.45 ± 0.04c 1.48 ± 0.07bc 1.33 ± 0.06d 1.48 ± 0.06bc 1.55 ± 0.09abc 1.61 ± 0.05a 1.53 ± 0.03abc 1.58 ± 0.01ab 
i17:0 (G+) 0.92 ± 0.05d 0.96 ± 0.08e 0.87 ± 0.03e 0.93 ± 0.03cd 0.98 ± 0.04b 1.02 ± 0.09bcd 0.99 ± 0.05bc 1.04 ± 0.01a 
a17:0  (G+) 0.80 ± 0.02 0.73 ± 0.02 0.72 ± 0.03 0.82 ± 0.03 0.90 ± 0.06 0.85 ± 0.03 0.86 ± 0.02 1.02 ± 0.02 
cy17:0 (G-) 1.30 ± 0.04d 1.30 ± 0.01d 1.20 ± 0.08e 1.56 ± 0.04b 1.59 ± 0.04b 1.60 ± 0.06b 1.49 ± 0.03c 1.80 ± 0.02a 
cy19:0  (G-) 1.99 ± 0.5cd 2.04 ± 0.02c 1.88 ± 0.09e 1.95 ± 0.02de 2.12 ± 0.06b 2.12 ± 0.05b 2.07 ± 0.02bc 2.22 ± 0.04 a 
16:1ω7 (B) 1.90 ± 0.02d 1.53 ± 0.04f 1.57 ± 0.06f 1.79 ± 0.04e 2.16 ± 0.04b 1.90 ± 0.06d 1.99 ± 0.02c 2.32 ± 0.05a 
16:1ω5 (B) 0.93 ± 0.05cd 0.91 ± 0.03cd 0.86 ± 0.04d 0.95 ± 0.04bc 1.02 ± 0.04ab 1.02 ± 0.07ab 1.06 ± 0.02a 1.09 ± 0.04a 
18:1ω9t (B) 3.06 ± 0.03c 3.10 ± 0.07c 2.70 ± 0.07e 2.88 ± 0.03d 3.10 ± 0.06c 3.08 ± 0.05c 3.29 ± 0.03b 3.53 ± 0.02a 
16:0 10-meth (A) 2.47 ± 0.05d 2.55 ± 0.04cd 2.24 ± 0.04e 2.55 ± 0.02cd 2.64 ± 0.04b 2.65 ± 0.04b 2.61 ± 0.05bc 2.89 ± 0.05a 
18:0 10-meth (A) 1.71 ± 0.02c 1.74 ± 0.02c 1.56 ± 0.07d 1.71 ± 0.06c 1.86 ± 0.07ab 1.81 ± 0.05bc 1.77 ± 0.05bc 1.93 ± 0.07a 
18:2ω6 (F) 0.83 ± 0.08e 1.01 ± 0.02e 0.78 ± 0.05e 0.89 ± 0.06de 0.99 ± 0.04cd 1.23 ± 0.06b 1.73 ± 0.03a 0.99 ± 0.08cd 
18:1ω9c (F) 2.72 ± 0.08e 2.79 ± 0.06de 2.36 ± 0.06f 2.91 ± 0.05c 3.03 ± 0.05b 2.90 ± 0.07cd 3.30 ± 0.07a 3.19 ± 0.02a 
14:0 0.43 ± 0.04ab 0.38 ± 0.06b 0.40 ± 0.07ab 0.46 ± 0.08ab 0.51 ± 0.05a 0.47 ± 0.03ab 0.43 ± 0.05ab 0.44 ± 0.08ab 
15:0 0.32 ± 0.03 0.29 ± 0.05 0.28 ± 0.06 0.34 ± 0.03 0.35 ± 0.03 0.34 ± 0.03 0.29 ± 0.04 0.33 ± 0.02 
16:0 6.60 ± 0.57bc 7.09 ± 0.38abc 6.49 ± 0.26c 6.61 ± 0.22bc 6.47 ± 0.36c 7.11 ± 0.34abc 7.29 ± 0.36ab 7.35 ± 0.39a 
18:0 1.20 ± 0.06b 1.42 ± 0.08a 1.12 ± 0.02b 1.22 ± 0.03b 1.24 ± 0.14b 1.22 ± 0.16b 1.24 ± 0.03b 1.24 ± 0.09b 
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